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FOREWORD

This NASA Technical Standard is published by the National Aeronautics and Space
Administration (NASA) to provide uniform engineering and technical requirements for

processes, procedures, practices, aathads that have been endorsed as standard for NASA
programs and projects, including requirements for selection, application, and design criteria of an
item.

This NASA Technical Standard is approved for use by NASA Headquarters and NASA Centers
andFacilities andapplicable technical requirememigy be cited in contract, program, and other
Agency documents. It may also apply to the Jet Propulsion Laborgadfgderally Funded
Research and Development CentgfRD(), other contractorgecipientof grants and

cooperative agreements, and parties to other agreeordnt® the extent specified or

referenced in applicable contraoggsants, or agreements

This NASA TechnicalStandard establishes the fracture control requirements for huategh
spaceflight, since NASA policy states that fracture control be imposeall humarrated
spaceflight hardware. It was developed by a NA&Ae Fracture Control Working Group to
provide a common framework for fracture control practices on NASA programs.

Rewests for informati on s h dipbk:/stattads.eassbgiRequeste d v i
for changes to this NASA Technical Standard should be submitted via MSFC Form 4657, Change
Request for a NASA Engieeing Standard.

Original Signed By 01/07/2008
Ralph R. Roe, Jr. Approval Date
NASA Chief Engineer
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FRACTURE CONTROL REQUIREMENTS FOR
SPACEFLIGHT HARDWARE

1. SCOPE

1.1  Purpose

This NASA TechnicalStandard establigisthe fracture control requirements fdational
Aeronautics and Space Administration (NASA)manrated spaceflight hardwarin

accordance wittNASA Procedural RequiremeniNPR) 8705.2B, HumaRating Requirements

for Space System#,isNA S A’ s ppootlucebuynantated space systethathavefailure
tolerance for catastrophevents othatpotentially catastrophibazardsare controlled through a
defined process inlich approved standards and margins are implemented that account for the
absence of failure tolerance

Programs that are nbtimanrated may choose to impose these requirements on a mission or
hardware to bolster the programtorserve as steppingstore for human rating

1.2  Applicability
This NASA TechnicalStandard is applicable tumanratedspaceflight hardware.

This NASA Technical Standard is approved for use by NASA Headquarters and NASA Centers
and Facilitiesandapplicable technical requirememigy be cited in contract, program, and other
Agency documents. It may also apply to the Jet Propulsion Labofatégderally Funded

Research and Development CentegfRD(), other contractotgecipients of grants and

cooperative agreements, and parties to other agreem@gtt the extent specified or

referenced in applicable contraafgsants, or agreements

Verifiable requirement statementsatee si gnated by the acronym “ FCR
Requirementshumbereband i ndi cat ed Heginnibhghnesectioo 4/hils NASAh al | ”
Technical Standard contains 26 requiremestplanatory or guidance text is indicated in italics

beginning in section 4o facilitate requirements selection and verification by NAS#gpams

and projects, a Requirements Compliance Matrix is provided in Appé@ndix

1.3 Tailoring
Tailoring ofthe requirements ithis NASA Technical Standard for application to a specific
program or project shall be formally documented as part of program or project requirements and

approved by thelelegatedrechnical Authority in accordance with NPR 7120.5, NASA Space
Flight Progran and Project Management Requirements.
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Technical Authority in this context may vary from program to progiamaccordance with NPR
7120.10, Technical Standards for TRRNASA Program
Chief Engineer, the Chief, Safety allission Assurance, and the Chief Health and

Medical Officer serve as or may delegate Technical Authority for all technical standards within
their areas of responsibility.”

1.4  Overview

This document provides the hardware develegtdr therequirementsrationale, and
methodologieso implement fracture control requirements. It also provides a guide to the
Responsible Fracture Control Board (RFCB) when reviewing the Fracture Control Plan (FCP).

This document contair% requirements that are numbegeiFracture Control Requiremsnt

[FCRsl andthatb egi n i n section 4. Thes’ Nearqrudtrievree ntt esx
requirement rationale are provided in italic format beginning in section 4. Narrative text is

provided as guidance for the asmted requirement. It is recommended that fracture control
practitioners become familiar with all portions of tNNASA TechnicalStandard.

The FCRs are summarized and briefly describddbte 1 Overviewof Fractue Control
Requirementsn NASA-STD-5019A Figure 1 NASA-STD-5019A Fracture Control
Requirements Diagramshows a diagram of the FCRs and the sedtidhis NASA Technical
Standardn which that particulaFCR appears.

A viable fracture control program relies on design, anglyssting,nondestructive evaluation
(NDE), and tracking of fractureritical hardware. It is expected that all spaceflight hardware will
be manufactured consistent with indysir aerospacstandards, practices, and quality. It is
beyond the scope ortant of this document to address technical or quality disciplines that should
already exist and be in place regardless of fracture control. Fracture control is imposed and
required not to correct deficiencies in other disciplines, ratbemhance the &ty and mission
reliability of systems by reducing the risk of catastrophic faibanesed byhe presence of flaws.

NASA-HDBK-501Q Fracture Control Implementation Handbook for Payloads, Experiments,
and Similar Hardwaresontains examples and additibgaidance for interpretation and
implementation of the requirements of this Standard. NABBK-501Q Revision A is under
development and may not be released at the time of publication biABI& Technical
StandardBeforethe release of NASAIDBK-5010A, the current handbook may provide interim
guidance for applying thiNASA TechnicalStandard. Note that NASADBK-5010A will

include guidelines for NASATD-5019A and will likely undergo a title change to reflect a
broader scope than payloads and expenis
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Table 16 Overview of Fracture Control Requirementsin NASA-STD-5019A

General Category | Requirement Description Section
Requires that all hardware developers @
humanrated spadéight hardware
implement fracture control by selecting

Overarching fracture the applic_able approachasd activiti(_as
control requirement [FCR 1] from sections 5, 6, 7, 8, and 9 of this 4.1
NASA TechnicalStandard for all parts
and document the applicali#€Rsin their
hardwarespecific FCP for review and
approval by the REB.
!\' ASA’ S [FCRZ2] Requires implementation by NASA. 4.2.1
implementation of
fracture control on [FCR3] Requires implementation by program. 4.2.2
Qgglaé?lrigﬁletdhardware [FCR4] Requires RFCB involvement. 4.2.3
Requires the evaluation of all parts usec
Evaluation of all party [FCRY5] humanrated spaceflight hardware for 4.3
fracture control classification
ExemptClassification [FCR6] Criteria for classification of exempt parts 5
Established approaches and activities fq
[FCR7] NFC parts for specific hardware types 6.1
Non-Fracture Critical [FCRE] General approaches and activities for N 6.2
(NFC) Qassification categories '
Additional activities for composite or
[FCRI] bonded\NFC hardware 6.3
[FCR10] Cri?eria for classification of fracture "
critical parts
Established approaches and activities fq
[FCR1]] fracture critical categories for specific 7.2
Fracture Critical hardware typeand m_a_tgrials types _
Classification [FCR12] Approaches and activities for metallic 73
hardware types not covered by 7.2 or 7.
Approaches and activities for composite
[FCR13 or bonded parts not covered by 7.2 or 7 7.4
Optional approaches and activities for
[FCR14 specific hardware typa®ot covered in 7.2 75
Flaw screening and [FCR15] Flaw screen requirement 8
evaluation, [FCR 16] NDE requirement for metalliparts 8.11
tracea_bility, a_nd [FCR17] NDE requirement focomposite or 8.12
material requirements bondedparts
for fracture critical [FCR 18] Optional proof test requirement 8.13
parts and other [FCR19 Optional process control requirement 8.14
applicable [FCR20] Detected flaw requirement 8.15
components [FCR21] Traceability requirement 8.2
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General Category | Requirement Description Section
[FCR 22| Materials requirements 8.3
[FCR23] Documentation products requirements 912
. associated with fracture control
Documentation
Fracture Control Summary Report
[FCR 24 : 9.13
documenting all parts
Verification [FCR 25 Requirement for verification 9.2
Alternative Requirement for alternative approaches
approaches [FCR 26] the requirements of thiSASA Technical 10

Standard
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[FCR 1] Fracture Control Plan (section 4.1)
[FCR 2] Responsible Fracture Control Board (section 4.2.1)
[FCR 3] Responsible Program (section 4.2.2)
[FCR 4] Fracture Control Implementation (4.2.3
A 7
Y
| |[FCR 5] Classification of Parts and Implementation Requirements (section 4.3) |
¥ ¥ ¥
[FCR 6] Exempt Parts Assessment of Non-Fracture Assessment of Fracture
(section 5) Critical Parts (section 6) Critical Parts (section 7)

*[FCR 7] Established Approaches
for Specific NFC Hardware Types
(section 6.1)

[FCR 10] Fracture Critical Parts
(section 7.1)
« [FCR 11] Established Approaches

*[FCR 8] General Approaches
for NFC Parts (section 6.2)
*[FCR 9] Additional Activities
for Composite or Bonded NFC
Hardware (section 6.3)

[FCR 26] Alternatives (section 10)
requires RFCB approval.

for Specific Fracture Critical
Hardware Types (section 7.2)

* [FCR 12] General Approach for
Fracture Critical Metallic Parts
Assessment (section 7.3)

* [FCR 13] General Approach for
Fracture Critical Composite or
Bonded Hardware Assessment
(section 7.4)

* [FCR 14] Optional Approaches
for Fracture Critical Parts
(section 7.5)

[FCR 26] Alternatives (section 10)
requires RFCB approval.

¥
Flaw Screening, Traceability, and

Material Selection (section 8)
*[FCR 15] Flaw Screening (section 8.1)
*[FCR 16] NDE for Metallic Parts
(section 8.1.1)
*[FCR 17] NDE for Composite or

Bonded Parts (section 8.1.2)

*[FCR 18] Proof Test (section 8.1.3)
*[FCR 19] Process Control
(section 8.1.4)
*[FCR 20] Detected Flaws
(section 8.1.5)
*[FCR 21] Traceability for Fracture
Control (section 8.2)
*[FCR 22] Material Selection and Usage
for Fracture Critical Parts (section 8.3)

[FCR 26] Alternatives (section 10)
requires RFCB approval.

Is the part
composite or
bonded?

Flaw Screening, Traceability,
and Material Selection (section 8)
*[FCR 15] Flaw Screening
(section 8.1)

*[FCR 17] NDE for Composite or
Bonded Parts (section 8.1.2)
*[FCR 20] Detected Flaws
(section 8.1.5)

*[FCR 21] Traceability for
Fracture Control (section 8.2)
*[FCR 22] Material Selection and
Usage for Fracture Critical Parts
(section 8.3)

[FCR 26] Alternatives (section 10)
requires RFCB approval.

y A
Fracture Control Documentation and Verification (section 9)

*[FCR 1] Fracture Control Plan (sections 4.1 and 9.1.1)
*[FCR 23] Engineering Drawings (section 9.1.2)
*[FCR 24] Fracture Control Summary Report (section 9.1.3)

Legend:
NDE  non-destructive

evaluation

*[FCR 25] Verification (section 9.2) NFC  non-fracture critical
RFCB Responsible
Fracture Control
Board

Figure 10 NASA-STD-5019A Fracture Control Requirements Diagram
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2.  APPLICABLE DOCUMENTS

2.1 General

The documents listed in this section contain provisions that constitute requirements of this
NASA TechnicalStandard as cited in the text.

2.1.1 The latest issuances afed documentapply unless specific versions are designated.

2.1.2 Nonuse of speifically designated versions shall be approved by the responsible

Technical Authority.

The applicable documents are accessiblgtps://standards.nasa.goway be obtained directly
from the Standards Developing Body or other document distrihutonsformation for
obtaining the document is providdgleference documents are listed in Apperilix

2.2 Government Documents

National Aeronautics and Space Adrmistration (NASA)

JSC 20793

MSFC-STD-3029

NASA-STD-5001

NASA-STD-5009

NASA-STD-5017

NASA-STD-5018

NASA-STD-5020

NASA-STD-8739.14

NASA-STD-6016

Crewed Space Vehicle Battery Safety Requirements
Guidelines for the Selection of Metallic Materials for Stress
Corrosion Cracking Resistance in SodiumdCide
Environments

Structural Design and Test Factors of Safety for Spaceflight
Hardware

Nondestructive Evaluation Requirements for Fracture Critica
Metallic Commnents

Design and Development Requirements for Mechanisms

Strength Design and Verification Criteria for Glass, Ceramic:
and Windows in Human Space Flight Applications

Requirements for Threaded Fastening Systems in Spacefligl
Hardware

NASA Fastener Procurement, Receiving Inspection, and Sto
Practices for Spaceflight Hardware

Standard Materials and Processes Requirements for Spacec
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NPR 7120.5 NASA Space Flight Program and Project Management
Requirements

NPR 7120.10 Technical Standards for NASRrograms and Projects

NPR 8705.2 HumanRating Requirements for Space Systems

2.3 Non-Government Documents

Aerospace Industries AssociatiorfAl A)/National Aerospace StandardgNAS)

NASM131211 Fastener Test Methods, Method 11 Tension Fatigue
NAM1312-111 Fastener Test Methods, Metric Method 111 Tension
Fatigue

American National Standards Institute (ANSI)/American Institute of Aeronautics
and Astronautics (AIAA)

ANSI/AIAA S-080 Space SystemsMetallic Pressure Vessels, Preszad
1998 Structures, an@ressure Coponents

ANSI/AIAA S-081- Space SystemsComposite Overwrapped Pressure
2000 Vessels (COPVS)

Society of Automotive Engineers$AE) International
CMH-17-1G Composite Materials Handbook
SouthwestResearch Institute

NASGRO® User’'s Manual

2.4  Order of Precedence

2.4.1 Therequirementsind standard practices established in this NASA Technical Stashalard
not supersede or waiexistingrequirementsnd standard practicésund in otherAgency
documentation.

2.42 Conflicts between thiBIASA TechnicalStandard and other requirements documents
shallbe resolved byheresponsible Technical Authority

APPROVED FOR PUBLIC RELEASE T DISTRIBUTION IS UNLIMITED

140f 119


http://www.sae.org/

NASA-STD-5019AwW/CHANGE 3

3. ACRONYMS AND DEFINIT IONS

3.1  Acronyms, Abbreviations, and Symbols

AKih

FCP
FCR
FCSR
ft

ft- Ib

cyclic threshold stress intensity range
maximum operating rotational speed
greater than

square root

registered trademark

Aerospace Industries Association
American Institute of Aeronautics and
Astronautics

aluminum

AmericanNational Standards Institute
American Petroleum Institute

The American Society of Mechanical Engineer
ASTM International (formerlyAmerican Society
of Testing and Materia)s

atmosphere

building block approach

Boiler andPressure Vessel Code
centimete(s)

Composite Materials Handbook
compositeoverwrappedressurevessel
commercially pure titanium

corrosion resistant (steel)

designlimit load

Department of Transportation
damagehreatassessment
designultimate load

environmenally assisted cracking
environmentatorrection factor
extravehicularactivity

ultimate shear strength
ultimatetensilestrength

yield tensilestrength

FederalAviation Administration
Fracture Control Plan

Fracture Control Requirement
Fracture Control Summary Report
foot (feet)

foot-pounds)
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FOD foreignobjectdebris

HCF high-cycle fatigue

HDBK handbook

hr hour(s)

IDMP ImpactDamage Mitigation Plan

in inch

J joule(s)

J critical Jintegral

Jic plane strain Jdntegral

JSC Johnson Space Center

K stress intensity factor

Ke planestress fracture toughness

Keac stress intensity factor threshold for EAC in a
specificthickness

Kic plane strain fracture toughness

Kie effective fracture toughness

Kieac stress intensity factor threshold for plane strain
environmentally assisted cracking

Kiscc stress intensity factor threshold for plane strain
stress corrosion cracking

Kaic stress intensity factor determined from the plar
strain Jintegral fracture toughness

KsLc stress intensity factor threshold for sustained Ic
cracking

Kip kilo-pound

kPa kilo-pascal

ksi kip(s) per square inch

LBB leakbefore-burst

LEF loadenhancementactor

LEFM linearelasticfracturemechanics

m metes)

mA milliampere

MDCP Mechanical Damage Control Plan

MDP maximumdesignpressure

MEOP maximumexpectedoperatingpressure

MIL military

mm millimeter

MMOD micro-meteoroidand abital debris

MPa megapascés)

MSFC Marshall Space Flight Center

MUA Materials Usage Agreement

NAS National Aerospace Standard
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NASA National Aeronautics and Space Administratiot

NASGRO® fracture mechanics and fatigue crack growth
analysis software

NDE norn-destructiveevaluation

NDI non-destructiveinspection

NDT non-destructivetesting

NFC non-fracturecritical

NHLBB non-hazardoudeakbeforeburst

NPR NASA Procedural Requirements

PRC process specification

psi pound(s) per square inch

psia pound(s) per square inch absolute

RTD residualthreatdetermination

RFCB Responsible Fracture Control Board

RQMT requirement

S standard

SAE Society of Automotive Engineers

SLC sustained load cracking

SPEC specification

STA solution treated and aged

STD standard

Ti titanium

\ vanadium

w maximum operating rotational speed

3.2 Definitions

A-Basis A statistically calculated numb#ratat least 99 percent of the population of
values is expected to equal or exceed with a confidence of 95 percent.

Adhesive Bond (Bond)Thejoining of parts, components, or materials using a joinin
substance or agent.

Assembly/Assemblagé\n integral arrangement of parts that malp an individual
unit and that acts as a whole.

B-Basis A statistically calculated value that at least 90 percent of the population is
expected to equal or exceed with a confidence @fed6ent:

1 SeeNASA-STD-6016,Standard Materials arffrocesses Requirements for Spacec@itH-17, Composite
Materials Handbook; Metallic Materials Properties Development and Standardi2dMPOS, Appendix A.2)as
appropriate.

2 SeeNASA-STD-6016 CMH-17, MMPDS(Appendix A.2)as appropriate.
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Bond Thejoining of two parts through molecular attractionthrough ay non
mechanical means of connection

Bonded Hardware (Structuréjardware gtructure) that is assembled using parts tha
are joined together witanadhesive

Brittle Fracture Sudden rapid fracture under stress (residual or applied) where the
material exhibits little or no evidence of ductility or plastic deformation.

Building Block ApproaciiBBA): A development methodology often used with
composites or bonded hardware t{@tstarts with selecting the material system and
manufacturing approach; (b) moves on to experimentation and analysis of small samples
characterize the system and quantify behavior in the presence of flaws and damage; (c)
progresses to examining larggructures to examine buckling behavior, combined loadings
and builtup structures in the presence of credible damage; and (d) finally moves to comg
subcomponents and fedlcale components to establish their damage talestrength and life.
Each step along the way is supported by detailed analysis to validate that the behavior of
structures is well understood and predictable.

Catastrophic Eventoss of life, disabling injury, or loss of a major national asset.

Catastrophic FailureA failure that directly results in a catastrophic event.

Catastrophic HazardPresence of a risk situation that could directly result in a
catastrophic event.

ComponentA hardware unit considered a single entity for the purpose of fracture
control. A component contains at least one part.

Composite or BndedStructure Structure (excluding overwrapped pressure vessels
pressurized components) of fiber/matrix coanf@tion and structure with loaghrrying non
metallic bonding agents, such as saath structureor bonded structural fittings.

Composite MaterialA combination of materials differing in composition or form on i
macroscale. The constituents retain their identities in the composite; that is, they do not
dissolve or otherwise mergempletely into each othealthough they act in concert.
Normally, the constituents can be physically identified and exhibit an interface between c
another. Composite material is not intended to mean an assembly of parts.

Composite Hardware (Struect). Hardware gtructure) assembled with parts made frc
composite materials.

Composite Overwrapped Pressure Vessgiressure vessel with a composite structu
fully or partially encapsulating a metallic liner. The liner serves as a fluicafg#sr liquid)

APPROVED FOR PUBLIC RELEASE T DISTRIBUTION IS UNLIMITED

180f 119



NASA-STD-5019AwW/CHANGE 3

permeation barrier and may carry substantial pressure loads. The composite generally ci
pressure and environmental loads.

Contained A condition in which a suitable housing, container, barrier, restraint, etc
prevents a part or piectsereof from becoming free bodies if the part or its supports fail.

ContaminationAny material included within or on the hardware that is not called fc
the engineering drawings. Examples of contamination are dust, grease, solvent, solid ob
efc.

Crack or CracHike Defect A discontinuity assumed to behave like a crack for fractt
control purposes.

Critical Stress Intensity Factofhe stress intensity factor at the initiation of crack
growth in the part resulting in a catastropfaidure that is representative of the failure mode
concern for thenetallicmaterial process condition, weakest orientation, and thickness beil
evaluated. Examples for metalmaterials may include: Kac, the stress intensity factor
threshold for phne strain environmeiatssisted cracking; plarstrain fracture toughness gk
may be appropriate for thick sections and/or as a lomend valué, effective fracture
toughness (k) is used in NASGRO® for crack growth analyses of surface or elliptaabf
K calculated fromdor a K; calculated fromsmay be appropriate for the conditions
de<ribed in the defining standa(dSTM E1820, Standard Test Method for Measurement ¢
Fracture Toughneysuch as evaluation of ductile tearing and instabitionstraintbased
assessmentaSTM E2899,Standard Test Method for Measurement of Initiation Toughnes
Surface Cracks Under Tension and Benyliagd/or tests may be needed for surface or othe
complex cracks in materials or conditions that invalidate the abilitynefarElastic Fracture
Mechanics ILEFM) to represent crack growth.

Damage Seedefinitionsof Flaw and Impact Damage.

DamageThreat Assessment (DTAAN evaluation of potential sources of flaws in
composite or bonded hardware that includes definition, quantification, and an assessmer
residual strength sensitivity to flaws.

Damage Tolerancéracture control desigroncept under whitan undetected flaw or
damageonsistent in size witthe flaw screening method or residuakgtdetermination
(RTD)) is assumed to exist and is shown by fracture mechanics analysis or test not to gre
failure (leak or instabilityfluring the period equal to the service life factor times the service
life.

Design Limit Load (DLL) Seedefinition of Limit Load.

Design Ultimate Load (DUL)Limit load multiplied by the ultimate factor of safety.

3 Proof test assessments need to use upper bound fracture toughness; see sedtidhi$ N/SSA Technical
Standard
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Environmental Correction Fact@ECF) An adjustment factor used to account for
differences between the environment (thermal and chemical) in which a part is used and
environment in which it is tested.

Environmentally Assisted Cracking (EAQ\ cracking process in which the
environment promotes crack growth or higher crack growth rates than would occur witho
presence of the environment (ASTM E1681andard Test Method for Determining Thresho
Stress Intensity Factor for EnvironmekgsistedCracking of MetallidVaterialg. An example
is available in published literatu¢eewis and Kenny, 1976)

Experiment For fracture control, an arrangement or assemblage of hardware that i
intended to investigate phenomena on a provisional, often htended, basis.

Fai-safe A condition where a redundant load path exists within a part (or hardwar:
that after loss of any single individual load path, the remaining load pats®&)ffiaient
structural capability to withstand the redistributed loads, and the ldiss fwfad path will not
cause a catastrophic hazard.

FastenerFor fracture control, any singpart that joins other structural elements and
transferdoads from one element to another across a joint.

Flaw: For metallics, glass, dorittle materials, a crackke defect. For composite or
bonded materiad, an anomaly in the hardware that has the potential for adversely affectin
strength, damage toleralife, or mustwork function. Examples of flaws in metallics include
cracks, deep scratel and sharp notches that behave like srankterial inclusions, forging
laps, welding incomplete fusion, penetration, and slag or porosity with aldradhil.
Examples of flaws in composite bonded materiail®ay includecracks, cuts, scratches,
ddaminations, porosity/voids, disbonds, wrinkles, foreign object debris, impact damage,
Damage (used alone) and flaw are equivalent.

Fleet LeaderArticles representative of spaceflight hardware with respect to produc
methodse.g, materialsmanufacturing, testinghat either havaccumulatd (or are scheduled
to accumulatejnore service lifetime in typical (or more severe) environments tiearest of
the fleetand are monitored for indications of failure modes to provide early warnkmpafn
and unexpected risks to the rest of the fleet.

Flight (Spaceflight) HardwareAny hardware (including spares) that is approved to t
part of or carried by a launch vehicle, crew module, transfer stage, landing craft, payload

Flight-like ComponentA component assembled and made of parts that are of flight
specificationsFlight-like components are usually intended for qualification tests. Any
deviations from flightiave tabe insignificant with respect to test objectives.
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FractureCritical: Fracture controllassification that identifies a part whose individual
failure, caused byhe presence of a craagk a catastrophic hazard attrequires safdife
analysis or other fracture control assessment to be shown acceptdliddtfol part is fracture
critical unless it can be shown that there is no credible possibility for a flaw to cause failu
during its lifetime or the part failure does not result in a credible catastrophic hazard.
Assessments for fracture critical parislude damage tolerance analysis, damage tolerance
or defined approaches for specific categoiastsunder this classificatioreceive flaw
screening by NDE, proof test, or process control and are subjected to traceability, materi
selection ad usage, documentation, and engineering drawing requirements.

Habitable Module®sr Volumes Flight containers/chambetisat are designated and
designedo support humaoccupancy

Hardware DevelopeOrganization directly responsible for doing the design,
manufacture, analysis, test, and safety compliance documerdhtiorhardware This
includesimplementingfracture controfequirements

Hazardous FluidFor fracture control, a fluid the relsaof which would create a
catastrophic hazard. These types of fluids may include liquid chemical propellants, liquid
metals, biohazards, and other highly toxic liquids or gases. The release of such fluids wo
create a hazardous environmenich as a dager of fire or explosion, unacceptable dilution ¢
breathing oxygen, an increase of oxygen above flammability limits;ressurization of a
compartment, or loss of a safeatgtical system.

Hazardous Fluid ContaineAny single, independent (not paf a pressurized system)
container or housing that contains a flthé release of whiclvould cause a catastrophic haz:
and that is not classified as a pressure vessel.

Hazardous MaterialFor fracture control, a materitde releaseof which would create a
catastrophic hazard.

High-Cycle Fatigue (HCFE)A high-frequency low-amplitude loading condition create:
by structural, acoustic, or aerodynamic vibrations that can propagate flaws to failure. An
example of an HCF loading condition is the vibrational loading of a turbine bé&deise of
structural resonance.

Impact DamageThe injury or harm inflicted upon composite or bonded hardware b
impingement of an object upon the hardware in question or the bumping or striking betwt
hardware in question and another object. Impact damage is a subset of the moteegenera
damage (or flaw).

Impact Damage Mitigation Plan (IDMPA plan for composite or bonded hardware tc
mitigate risk of impact damage to the flight hardware.
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Initial Crack(Flaw) Size The crack size that is assumed to exist at the beginniag of
damage tolerare analysis, as determined by NDE or proof testing.

Kc: Planestress fracture toughness. The value of stress intensity factor K at the tar
between a crack extension resistance curveuii®e) and the configutian-dependent applied
K curve(ASTM E1823 Standard Terminology Relating to Fatigue and Fracture Téslihg
crack extension occurs under conditions that do not approachtigadine strain. The R
curve and Kvary with the material, specimen sjamd thickness. Kis used in NASGRO® to
represent fracture toughness as a function of thickness for use in crack growth calculatio

Kic: Plane strain fracture toughne3e crack extension resistance under conditions
cracktip plane strain in Mode | for slow rateslofding under predominantly lineatastic
conditions and negligible plastaone adjustment that is measured by satisfying a standard
procedire with validity requirement®STM E399 Standard Test Methoaff LinearElastic
PlaneStrain Fracture Touglass K. of Metallic Materialg. Another quantity, K, defined for
conditions wih limited plasticity from d may also be usefdASTM E1820)

Kie: Effective fracture toughness for a surface or elliptically shaped.ctaek
toughness is based on residual strength and the original crack dimensions. This parame
meaningful only when craetp plastic zones are small and stable crack grd&thre failure is
generally absefASTM E740/E740M, Standard Practice for Fraetliesting with Surface
Crack Tension Specimens, main body and section)X#a2 conditions with plastieffects and
well-defined crackip stress fields with fracture controlled by crack initiation, an approach
involving constraint may be applical{leSTM E2899. Testing of flaws in specimens
representative of the structure is needed to determine damage toleranasti@typconditions
when crackip stress fields collapse.ddis used in NASGRO® for analyses of crack growth.

Keac: The largest &lue of the stress intensity factor at which crack growth is not
observed for a preracked througitrack specimen of specified material, environment, and
thickness that is tested for a significant duratioaccordance witASTM E1681.

Kieac: The largest value of the stress intensity factor at which crack growth is not
observed for a preracked througitrack specimen of specified material, environment, and
thickness that is sufficient to meet requirements for plane strain and is testedjfofiGast
durationin accordance witASTM E1681.

Kisce Keac is often denoted asid:in the literature.

AKin: Threshold stress intensity factor range below which flaw growth will not occu
under cyclic loading conditions.

‘See NASGRORanudisvbere'the KsM mb o | is defined as séction2lt4hat al str e:
shows kK as a function omaterial thickness and describes the usage:.of K

5S¢ NASGRO® User’'s Maymlad!| whsrdce ftihree K as “ e fthraught i ve fr a
(surface/corner) crack" and section 2.1.4 that describes howthiale is determined and Wwat is used.
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LeakBeforeBurst (LBB). Characteristic of pressurized hardware whose only credit
failure mode at or below maximum design pressure (MR service life loadsesulting
from the presence of a potential flaw is a pressalieving leak at the flaw as opposed todtu
or ruptureat the critical stress intensity factérs the hadware item leaks down, there is ne re
pressurization or continued pressure cytheat could lead to continuedack growthIn this
failure modethe hardwarevill notfail in a fragmentarycatastrophic manner. Instead, only
small, slowgrowing leaks would develop, leiaky in a controlled manner. Additional aspects
LBB assessments are described in section h2s NASA TechnicalStandard

Life Factor Seedefinition of ServiceLife Factor.

Lifetime: Seedefinition of Service Life.Refers to a specified life, as opposed to an
analytically predicted life.

Limit Load: The maximum load expected on the hardware during its design servict
including ground handling, transport to and from giibitluding abort conditions and ambit
operations.

Limited Life Part A partthathas a predicted damage tolerahfe that is less than the
required service life factor times the complete service life d8énition of Service Life.

Load Enhancement Factor (LEFR factor applied to the service life spectrum to sati
a specified level of reliability and confidenagth fewer cycles than would otherwise be
required.

Low-Cycle LoadsA low-frequency, highamplitude loading condition created by
thermal, pressure, or structural loads that can propagate flaws to failure. An example-of ¢
cycle loading condition ithe aerothermal loading of a turbine blade during launch.

Low-Fracture ToughnesMaterial property characteristic, in the applicable
environment, for which the ratiois j&  p& @il T

[ 1@ o&/IE 18For steel bolts with
unknown K, low-fracture toughness assumed whematerial Abasis ultimate strengthy >
1,241 MPa (180 ksi). Parts made with materials of this characteristic may be at risk of a b
fracture

Materials Usage Agreement (MUAA formal document showing that a noncomplian
materialis acceptable for the specific application identified.

Maximum DesigrPressure The highest possible operating pressure considering
maximum temperature, maximum relief pressure, maximum regulator pressure, and, wh
applicable, transient pressure esstons.MDP for humarrated hardware is a twhailure
tolerant pressure.e., it will accommodate any combination of two credible failures that will
affect pressuréSome programs have defined MDP as a-taudt tolerant pressure.
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Mechanism A system & moveable and stationary parts that work together as a unit
perform a mechanical function, such as latches, actuators, drive trains, and gimbals.

Mission A major activity required to accomplish an Agency goal or to effectively
pursue a scientific, technological, or engineering opportunity directly related to an Agenc
Mission needs are independent of any particular system or technological sghiRRIY120.5,
NASA Space Flight Program and Project ManagerRaguirements

Net-Section Stress or Straifihe stresses or strains computed for a hypothetical cut
across a parbased on strengtbf-materials theoryPossible bending loads can produttess
gradients across the net section, in which case thgeotbn stress is found to be the maxim
combination of tension and bending stress, ignagemmetric stress concentratio(sn
example of nesection stress calculation detailed in the NASBRU s e r ansal Algpbendix
B.)

No-Growth Threshold StrairFor a composite or bonded pdhelargest straimange
(where straimangeis the maximum absolute value of strain in a load cycle) below which fl
compatible with the sizes established by NDE, special visual inspectidd] theor the
minimum sizes imposed do not grow ir t9cles (16 cycles for rotating hardware) at a load
ratio appropriate to the application. Thresholds are determined on specimens with flaws
which sufficient load/cycles have been initially applied to cause flaw growth. Fgeomdh
threshold strain is a function of the material and layup and is detsirfrom test data in the
appropriate environment for the applicable (or worst) orientation of strain and flaw for a
particular design.

Non-Destructive EvaluatiarExamination of parts for flaws using established and
standardized inspection techniquleat are harmless to hardware, such as radiography,
penetrant, ultrasonic, magnetic particle, and eddy current. NDE is sometimes referred to
destructive testing (NDT) or neatestructive inspection (NDI).

Non-Hazardoud eak-BeforeBurst (NHLBB): A non-fracture critical classification for
metallicpressurized hardware that contaimaaterial that is not hazardous and that exhibits
LBB failure mode in a noimazardous manner.

Part Hardware item considered a single entity for the purpbf@cture control.

Pressure VesseA container designed primarily for pressurized storage of gases or
liquids andthat alsgperforms any of the following

a. Contains stored energy of 19,30{14,240 ftlb) or greater based on adiabatic
expansiorof a perfect gas

b. Stores a gas that will experience an MDP greater th@k®B8 (100 psia)

APPROVED FOR PUBLIC RELEASE T DISTRIBUTION IS UNLIMITED

240f 119



NASA-STD-5019AwW/CHANGE 3

c. Contains a gas or liquid in excess of 103 kPa (15 psia) that will creatasdrophic
hazard if released

Pressurized Componew line, fitting, valve, regulator, etcthat is part of a pressurize
system intended primarily to sustain a fluid pressume fluid transferAny piece of hardware
that is not a pressure vessel or a pressurized fluid container but is pressurized via a
pressurization sysm.

Pressurized Fluid Containek container designed primarily for pressurized storage
gases or liquids that is similar to a pressure vessel but does not satisfy the definition of a
pressure vessel.

Pressurized Hardwar@ny of the variousardware items that support an internal
pressure

Pressurized Structur@ hardware item designed to carry both internal pressure anc
vehicle structural load.

Pressurized Systemn interrelated configuration of pressurized components under
positiveinternal pressure. The system may also include pressure vessels.

Proof Test A test on the flight article that gerformedo verify structural acceptability
or to screen flaws. The proof test load and/or pressure level is the proof test factor times
load and/or MDPProof tests may be conducted in the operational environment, or the tes
levds may be adjusted via an EQNote that some sections within tiNASA Technical
Standard may specify when an ECF is optional vendwes it isprescribed for the
classification if the test is not conducted in the operational environment.)

Proof Test FactorA factor that is muiplied by the limit load and/or MDP to arrive at
the proof test levels. When proof tests peeformedio establiststructural acceptability, the
proof test factor is specified. When screening for flaws with a proof test, the proof test fac
derivedby fracture mechanics principles.

R Ratia The ratio of minimum stress to maximum stressyclic loading

Reflight Hardware Hardware items that have already met the requirenethss
NASA TechnicalStandard for service life, have flown on a flight vehicle, and are being
manifested for an additional flight. Note that some fracture control categotlées NASA
TechnicalStandard impose additional requirements that are to be satisfied before being r
flown.
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Residual Strengthrhe maximum value of loaoth externally applied and internal
self-equilibrating loading, such as residual strestes)a flawed or damaggurtis capable of
sustainingwithout catastrophic failurg

Residual ThreaDetermination An assessment that defines therstcasecredible flaw
conditions that composite or bonded hardware will be designed to endosgdering all
applicable flaw detection and mitigation strategies that are implemented for the flight har

Responsible NASA CenteFhe NASA Center acting as the sponsor and/or coordin
for theprogram/project developing tipayload/hardware.

Responsible Fracture Contibard A designated mukdiscipline group of experts at
the NASA Center thatas the authority to develop, interpret, and approve fracture control
requirements and the responsibility for overseeing and approving the technical adequacy
fracture control activities at the Center.

RotatingHardware Hardware that has a rotatial mode of operation an@évces with
spinning partssuch as fans, centrifuges, motors, pumps, gyros, and flywheels.

Rupture An instance of breaking or bursting suddenly and completely.
Safe Life Seedefinition ofDamage Tolerace

SafetyCritical: For fracture control, a part, component, or system whose failure or |
would be a catastrophic hazard.

Sealed ContaineAny single, independent contairn@ot part of a pressurized system
component, or housing that is sealed to maintaimi&rnal norhazardous environmeand
that does not meet the definition of a pressure vessel

Service Life Timeinterval for a part beginning with manufacture and extending
througlout all phases dts specifiednissionusage. The period of time number of cycles tha
includes allrelevantioadings conditionsand environments encountered during this period
will affect flaw growth includingall manufacturing, testingtoragetransportation, launch, en
orbit, descent, landing, anidapplicable, postanding eventsrefurbishments, retesting, and
repeated flightsintil the hardware is retired from service

Service Life FactorThe factor on service life required in damage toleeamalysis or
testing. The service life factor is often referred to as the life factor. {(Natthe service life
factor is specified as 4 for metallic materials in section 7.%12lis NASA Technical
Standard The service life factor is specified &®tB-basis number of service lives with the
corresponding.EF for composite®r bonded materials in secti®i.4.7.b and 7.4.8ie this
NASA TechnicalStandard

61n the NASGRO®User Manualversion 7.1.1section 2.1.%nd Appendix Othere is discussion of a related failure
condition invoked when net section stress exceeds the material flow stress.
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Shatterable Materialg\ny material that is prone to brittle failures during operatia tt
could release many small pieces into the surrounding environment.

Special Visual InspectiorClose proximity, intense visual examination of localized
areas of internal and/or external structure for indications of impact damage, flaws, or oth:
strucural anomaly. Appropriate access to gain proxipgty., removal of fairings and access
doors,use of ladders and work stands, is required. Hhggmnsity lighting along with other
inspection aids such as mirrors, magnifying lenses, and surface clesaeinged. Special
visual inspections are done independently by two inspectors. When special visual indical
are found, NDE is done.

Standard NDENDE methods of metallic materials for which a statistically based fle
detection capability has beestablished. Standard NDE methods addressed by this docun
are limited to fluorescent penetrant, radiography, ultrasonic, eddy current, and magnetic
particle.

Sustained Load Cracking (SL'GFrowth of a preexisting crackn susceptible metallic
alloys’ under sustained stress without assistance from an external environmeeshlith
stress intensity factaran be obtained by procedures such as tho8&1iM E1681for the case
of an inert or vacuum environment. One publication determines the effégtdrogen content
and temperature on SLC in-BAl-4V (Boyer and Spurr, 1978)

Ultimate Factor of Safety (Ultimate Safety Fact@)specified factor to be applied to
limit load. No ultimate structural failure is allowed for a load equal to the ukifiaator of
safety multiplied times limit load

Ultimate Strength (Capability)rhe load, stress, or strain at which collapse or ruptur
occurs.

Yield Strength The stress that corresponds to a plastic axial strain of 0.002 mm/m
(0.002 infin).

7 SLC, because dhe presence of interstitial hyalzen occurs in titanium alloys, includingpmmercially pure

titanium (cpTi) and Ti6Al-4V (Ti64), in both annealed and solution treated and aged (STA) conditions. Testing is
necessary to determine the threshold stress intensity for the titaniunmailajurgical condition and interstitial

hydrogen content. Other materials with different crystalline structures such as steel and aluminum alloys that do not
allow interstitial hydrogen may still exhibit SLC behaviors.
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4. GENERAL REQUIREMENTS

4.1 Fracture Control Plan

A summary table of aFCRsin thisNASA Technicabtandards shown in Appendix B this
NASA Technicgbtandard

[FCR 1] A Fracture Control Plan shall be developed and maintdipeke progranfor human
rated spaceflight hardware trsattisfiesall of the following:

a. Addresses all of the parts in the prograpecific flight hardware.
b. Meets the requirements of tiNASA TechnicalStandard.

c. Specifies fractureontrolsthatareestablifiedto mitigate the risk of catastrophic
failure caused bylaws throughout the service life of the hardware.

d. Has gproval by the RFCB.

[Rationale: The FCP is necessary to document the hardvegezxific fracture control
requirementssuch as parts classification, selected approaches for each part, and all required
fracture control activitiegor the program or project. The RFE&pproved FCP is the working
document that all responsible partieseifor implementing fracture control regements to a
particular program or project.]

The FCP detailshe fracture control responsibilities, the classification of all parts for the
specifichardware,the selected applicable fracture contrapproaches from the requirements of

thisNASA Technicabtandardc or r e spondi ng t g asevallahthempproaclles cat e
for flaw screening, traceability, and material selection of fracture critical pdt®hardware

specificFCP alsodocuments all alternative approachesaccordancevith the requirerent of

[FCR2€] in thisNASA Technicabtandard.

Each separatdardwareproject within a progranmaydevelopan FCP for its hardware.

The initial FCP should be submitted early in the program early draft and subsequent updates
of an FCP are necessary for appropriate cost estimation. The Data Requirements Deliverable
for the FCP may need to be updated to require an earlier draft (potentially as part of the
hardware proposal) for more accugtost estimation.

The FCP should be updated as needed to keep it currenth@ittocumentegrogram fracture
controlapproachs.
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4.2  Responsibilities
4.2.1 ResponsibleFracture Control Board

[FCR 2] The NASACenter responsible for the hurmeated spaceflightardwareshall establish
anddesignate a NASA RFC® ensureeompliance with the technical requirements of this
document.

[Rationale: The purpose of this requirement is to clearly establish a NASA RFCB as the body
responsible for assuring technical compliance with NWsSA Technicgbtandard]

4.2.2 Responsible Program

[FCR 3]Humanrated spaceflight programs shall imp&seture control on their projects
meet the requirements of thBASA TechnicalStandard

[Rationale: The purpose of this requirement is to engusdNASA Technicabtandards
applied to all humasnated spaceflight programscluding those founmained vehicleghat
approach or dock with humanated vehiclessuch agheInternationalSpaceSation or Orion.
Implementation of fracture contratitigates the risk of castrophic structural failuregelatedto
flaws thereby increasingeliability of thehardwareandthe safety of the crew

4.2.3 Fracture Control Implementation

[FCR 4] Fracture control implementation shall be performed with the oversight, advice, and
approval of the RFCB.

[Rationale: This requirement identifies the RFCB as thienieal body responsible for
determining the adequacy of fracture control implementation. This determination includes
assessing whether the project is deploying sufficient technical capabilities and processes for
fracture control. It includes monitoring damage tolerace assessments and hardware
verification activities to assure that all hardware complies with the requirements in this
document. To accomplish those goals, the RFCB should have opportunities to review and
comment on these activities and have access toeatetihnical information needed to confirm
compliance with this documeht.

Each project should identify organizational elemdptstechnical disciplinesand their
responsibilities for implementing and documenting fracture control astieitaffect hardvare
design, manufacturing, inspections, and planapédrations. These responsibilities should be
identified at projectormulation and documented in the FCP. The organizatiefementshat
implemenfracture control and assess currdrdrdware developnmés should be part of project
milestone reviewsssociated wittstructural integrity and safetythe RFCB should have an
opportunity toparticipatein and receive summaries of major project reviaszshe program
formulates system and hardware requiremerds well as when theardware developer designs
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andselects technical approaches for meeting fracture conépiirements, generates hardware
fracture control assessments, and reporngelevant testing

4.3  Classification of Parts and Implementation Requirements

[FCR 5] All parts used in humarated spaceflight hardware shall be evaluated to ideiify
following:

a. Thefracture controtlassificationof each paraseitherexempt NFC, or fracture
critical.

b. The correspondingpproacksthat follow therequirements of thisSlASA Technical
Standardo bedocumented in the FCP.

[Rationale:To implement fracture control, all parts need to be evaluated for criticality to assure
they are appropriately classified and to identify subseqaetitities related to the
classification.Not all parts are fracture critical.

Theapproachimplemented for fracture control classification of parts is documented in the FCP
as describedh section4.1[FCR 1J.

All parts go through a fracture controladsification process for all mission phases to determine
which parts are fracture criticaPartsmay be classified amne of the following:

a. Exempt
b. NFC.
c. Fracture critical

Parts classified as exempt are to be exempt for all phases of the service life of tRanaithat

are fracture critical in any phase of the service life of the part are classified as fracture critical.
Parts that do not fit into the exempt or NFC cpaiges are to belassified and evaluatess

fracture critical parts.

Approaches to evaluate hardware hese three categories apeesentedn sections, 6,and 7
in thisNASA Technicabtardard. Figure 2 NASASTD-5019A FractureControl Classification
Logic Diagram,shows dogic diagramfor the classification of parts and referesde the
applicable sectiosof this document. Figure, Bracture Control Assessment Process and
Activities Corresponding to Parts Classificatioisa chartwith a general description of
activities associated with each classification.

If hardware that was certified warlier fracture control requirements levied undsarlier

programs is to be flown under a new programntiieehardwareshouldbe reassessedsing

the fractue control requirements of this document. Additionally, hardware that experiences
service life conditions that deviate from the certified design configuration or conditions, either
through offnominal service conditions or degradation dwgiservice, is to be rassesseth
accordance witlthe requirements of this document.
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| [FCR 5] Classification of Parts and Implementation Requirements (section 4.3)1’2|

Yes

Clearly No

I Is the part exempt? |
No

Y

Y

[FCR 6] Exempt Parts
(section 5)

Is there a credible possibility for a flaw
in the part to cause failure resulting in
a catastrophic hazard?

Clearly Yes

Not Sure

Y

Can the part be shown by assessment
to meet one of the non-fracture critical
established or general approaches?

No

Yes

Y

Y

Assessment of Non-Fracture
Critical Parts (section 6)

*[FCR 7] Established Approaches
for Specific NFC Hardware Types
(section 6.1)
*[FCR 8] General Approaches
for NFC Parts (section 6.2)
6.2.6 NFC Documented Non-

Hazardous Failure Mode
*[FCR 9] Additional Activities
for Composite or Bonded NFC
Hardware (section 6.3)

[FCR 26] Alternatives (section 10)
requires RFCB approval’.

Assessment of Fracture

Critical Parts (section 7)
[FCR 10] Fracture Critical Parts
(section 7.1)

* [FCR 11] Established Approaches
for Specific Fracture Critical
Hardware Types (section 7.2)

* [FCR 12] General Approach for
Fracture Critical Metallic Parts
Assessment (section 7.3)

* [FCR 13] General Approach for
Fracture Critical Composite or
Bonded Hardware Assessment
(section 7.4)

* [FCR 14] Optional Approaches
for Fracture Critical Parts
(section 7.5)

[FCR 26] Alternatives (section 10)

requires RFCB approval’.

Notes:

1. Each part is demonstrated to satisfy the selected classification by a process with documenta-

tion cited in the Fracture Control Summary Report.

2. A part may always be classified as fracture critical if there is doubt or concern related to

demonstrating that it is NFC or exempt.

3. An alternative approach to any classification or category may be developed and presented
with rationale to the RFCB for approval in accordance with section 10 in this Standard.

Legend:
NDE non-destructive

evaluation

NFC non-fracture critical

RFCB  Responsible
Fracture Control
Board

Figure 20 NASA-STD-5019A Fracture Control Classification Logic Diagram
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[FCR 6] Exempt Parts
(section 5)

Non-Fracture Critical Parts
(section 6)

[FCR 10] Fracture
Critical Parts (section 7)

Approach

Parts fit in one of the following:

*[FCR 6] a. Non-structural parts
with no credible failure mode
caused by a flaw

*[FCR 6] b. Non-structural parts
with no credible potential for
causing a catastrophic hazard
*[FCR 6] c. Other non-structural
parts approved by the RFCB for
exempt status

Assessment of NFC Parts
(section 6)

*[FCR 7] Established Approaches
for Specific NFC Hardware
Types (section 6.1)

*[FCR 8] General Approaches
for NFC Parts (section 6.2)
*[FCR 9] Additional Activities
for Composite or Bonded NFC
Hardware (section 6.3)

|FCR 26] Alternatives
(section 10) requires RFCB
approval.

Assessment of Fracture
Critical Parts (section 7)

[FCR 10] Fracture Critical Parts
(section 7.1)

* [FCR 11] Established
Approaches for Specific
Fracture Critical Hardware
Types (section 7.2)

* [FCR 12] General Approach
for Fracture Critical Metallic
Parts Assessment (section 7.3)

* [FCR 13] General Approach
for Fracture Critical Composite
or Bonded Hardware
Assessment (section 7.4)

* [FCR 14] Optional Approaches
for Fracture Critical Parts
(section 7.5)

[FCR 26] Alternatives
(section 10) requires RFCB
approval.

Actions Required*

No additional action beyond the
FCP and FCSR documentation

[FCR 24].

Various, including analysis, test,
inspection, and verification.

Unique to NFC Composite or
Bonded:

*Damage Threat Assessment
*Impact Damage Mitigation Plan
*Residual Threat Determination
*Flaw Screening with NDE
*Material Selection

*Traceability

*Damage Tolerance Analysis/Test
*Flaw Screening

*Traceability

*Material Selection

*Verification

Unique to Composite or Bonded:
*Damage Threat Assessment
sImpact Damage Mitigation Plan
sResidual Threat Determination
*Building Block Test and Analysis

*Note: Documentation is required for all classifications [FCR 1]. In addition to these unique actions, documentation of the approach
used to demonstrate that each part satisfies the selected classification is to be cited in the Fracture Control Summary Report

Legend:

FCP Fracture Control Plan

FCSR.  Fracture Control Summary
Report

NDE non-destructive evaluation

NFC non-fracture critical

RFCB  Responsible Fracture Control

Board

Figure 30 Fracture Control Assessment Process and Activities Corresponding to Parts

Classifications
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4.4  Other Requirements

Implementation of fracture control and full compliance with fracture control requirements do not
relieve thehardware developeirom compliancevith other hardware design artdst

requirements, quality assurance requirements, or materials requirements that are applicable
independent of fracture control'he hardware developer should be aware of the influence of
other requirements on the implementation of fracture controlidesvFor example, NASA
STD5001,Structural Design and Test Factors of Safety for Spaceflight Hardwegeiresthat

all compositeor bonded flight hardware be acceptance (proof) tested, whereasAlda
TechnicalStandard does not require such testgeneral.

5. EXEMPT PARTS
In some cases, parts may be classifieaxasnpt.
[FCR 6] Each m@rt classifiedasexempt shall fit into one of the following categories:

a. Non-structural parts with no credible failure mochused by flaw.
b. Nonstructural parts with no credible potential for causing a catastrophic hazard
c. Other nonstructural parts approved by the RFCB for exempt status.

[Rationale: Norstructural parts that do not have a credible failure modased by flaw and
thosewith no credible potential for causing a catastrophic hazard do not need to be assessed for
fracture criticality because they do not pose a catastrophic hagard

Use of an alternative approach requires unique rationale and approval by the RFCB as
descriled in section 1QFCR 26 in thisNASA Technicabtandard

Parts that are identified anshownto meet the exempt classification criteria in documentation
cited in the Fracture Control Summary Report (FCBRJccordance with the requirements
listed insection f thisNASA Technicabtandardcomply with fracture control requirements
without further activity beyond conventional aerospace verification and quality assurance
proceduresunless otherwise indicated in this document.

Exemptpartstypically include norstructural items or items that do not have a credible failure
moderelatedto the presence of a flawuch as flexible insulation blankets, enclosed electrical
circuit components/boards, wire bundles, and certain batteries listeecion6.16 in this

NASA Technicabtandard The RFCB may accept other items as exempt based on rigorous
development programs that establish tisgifety and functional reliability.

Nonstructural parts are generally thosemnintended to resist loadA. part thatmay be

structural in one system or apghtion may not be in anothebiscussion witthe RFCB may be
necessary.
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6. ASSESSMENT OF NONFRACTURE CRITICAL PARTS

In some cases, parts may be classified as NFC. Dtinmgassification of all partsn
accordance wittsection 4.3 [FCR 5]n thisNASA Technicabtandard the hardware developer
identifiesthe applicable approaches or activities of this section for each of the parts that are
beclassified as NFC and documents tharthdar hardware-specific FCP. The RFCB reviews
and approves the FCP to ensure that it includesdicifiedelement®f the selected
approaches

The methods this sectiomr e b ased on NA Sestablisheshpppoachése nce bas
industry standardsor aerospacestandards Any deviations or omissions of elements in the

activities or approaches prescribed in this sectionstitutean alternativeapproachthat is to

satisfy the requirements gection 10{FCR 26 in thisNASA Technicabtandard

NFC parts are tbseshown in thénardwarespecific FCPto meet a category in this section,
whichtypically involves documentation of an assessment involving some combination of
analysis, test, inspection, failure mode evaluation, or adherence to specified criterianlisted
each subcategory. The documentation is to be oitéie FCSRvhere the part is listed as NFC
in accordance witlsection 9 requirementa thisNASA Technicabtandard.

Parts that are identified anshownto meet NFC classification criteria in docuntaimon cited in

the FCR in accordance witlsection 9 requirements thisNASA Technicagbtandardcomply

with fracture controkrequirementsvithout further activity beyond conventional aerospace
verification and quality assurance proceduresless otherige indicated in this document.

6.1 Established Approaches for SpecifitlNFC Hardware Types

Parts in this categorgre classified NFC if documented assessment cited in the FCSR shows they
satisfy the specified criteria listed iheitemcorresponding to the hardware typgeéomposite
andbonded hardwarare to satisfy section 6i8 thisNASA Technicabtandardn addition to
requirementgor a specific hardware type.

[FCR 7] To be classified as NFC, each part that is described by disfpecdware type in the
following list shall comply witithe established approach giventire referenced subsection

a. NFC metallicfastenersrivets,shearpins, andockingdevices comply with section
6.1.1in thisNASA TechnicalStandard

b. NFC shatterablecomponents andructures comply with section 6.1ir2thisNASA
TechnicalStandard

c. NFCrotatinghardwarecompleswith section 6.1.3n thisNASA TechnicalStandard

d. NFC sealedcontainers comply with section 6.1irithisNASA TechnicalStandard
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e. NFCtools,mechanisms, angtthers comply with sectio®1.5in thisNASA
TechnicalStandard

f. NFC bateries comply with sectiof.1.6in thisNASA TechnicalStandard
[Rationale: Parts thatan be shown to have crediblecatastrophic hazard resutg from a
failure of the parcaused by flaw orto haveno credible possibility foflaws to cause failure
are not fracture critical These parts can be classified as NFC. To assist this classification
process, a number of established approadtae been developed for specific hardware types
that are documented this NASA TechnicalStandard]

Use of an alternative approach requinesique rationale and approval by the RFCB as
described in section 1J0FCR 26 in thisNASA Technicabtandard

6.1.1 NFC Metallic Fasteners, Rivets, Shear Pins, and Locking Devices

To classify a part as an NFC metallic fastener, rivet, shear piocking device, satisfany of

the following itemsn sectiors 6.1.1.1through6.1.1.6 depending on application, hardware type,
and failure modes, tcomply withrequiremenfFCR 7, section6.1.ain thisNASA Technical
Standard.

6.1.1.1 NFC Low-Released Mass Fasteners, Rive@nd Shear Pins

To classify anetallic fastener, rivet, or pis NFC lowreleased mass, meet tfeguirement®f
section 6.2.1n thisNASA TechnicalStandard.

A metallic fastener, rivet, or pin that has an individual sifgdent structural failure or a group
of fasteners, rivets, or pins where loss of any one fastener,orv@t) does not present a
catastrophic hazard can be classified in one of these Nf&€gjo&es.

6.1.1.2 NFC Contained Fastenes, Rivets, and Shear Pins

To classify anetallic fastener, rivet, or pimsNFC containedmeet the requirements of section
6.2.2in thisNASA TechnicalStandard

A metallic fastener, rivet, or pin that has an individual sifgbent structural failure or a group
of fasteners, rivets, or pins where loss of any one fastener, rivet, or pin does not present a
catastrophic hazard can be classified in one of these Nf&goges.

6.1.1.3 NFC Fail-SafeRivets

To classify netallic rivet applicationasNFC fail-safe, meet the requirements in section 6.2.3
this NASA TechnicalStandard
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6.1.1.4 NFC Low-Risk Fasteners

To classify netallic fastenerasNFC low risk, meetthe following:
a. The fastener is in a local pattern of two or more similar fasteners
b. The fastener satisfied| of the following general fastener attributes

(1) Fasteners are fabricated from a metah high resistance stress corrosin
cracking as defined ilMSFC-STD-3029, Guidelines for the Selection of Metallic
Materials for Stress Corrosion Cracking Resistance in Sodium Chloride
Environments.

(2) Fasteners are fabricatemla military, NAS, or commercial aerospace specification
approved by therocuring organizatiaon

A. The standard and/or associated procurement specification includes tensile,
shear, and fatigue testing as part of lot acceptance.

B. Fasteners with complete traceability are delivered with the Material Test
Report or equivalent that includes the following:

i. The raw material andeattreatcertifications.

ii. Documentation of applicable testing or processing required in the
associated procurement specification.

Fasteners that are manufactured from the following list of ductile materials
showa high tolerance for typical fastener defects and flalieseare typically
accepted as lowisk fastenersExamples of procurementesgfications for these
commonly accepted levisk fastener materials are:

1 Iron-based superallop286 NAS4003Fastener, A286 Corrosion
Resistant Alloy, Externally Threaded, 160 K&J 95 KSI ky, 1000 °F;
NA0026 Procurement Specification Metric Fasées, A286 CRES
Externally Threaded, 1100 MPa Tensile, 660 MPa Sheaeguivalent

1 Nicketbased superalloy Inconel 72BASM85604Bolt, Nickel Alloy
718, Tension, High Strength, 125 KS| &d 220 KSI &, High
Temperature, Spline Driver equivalent

1 CobaltChromiumNickelbased superalloiiP35N AS7468 Bolts,
Cabalt-ChromiumNickel Alloy, INSR30035, Tensile Strength 260 Ksi,
Procurement Specificatiommr equivalent
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9 Austenitic Stainless Ste#)0 Series CRE®NA0271 Metric Fasteners
CRES300 Seres Externally Threaded, MJ Thread, 500 MPg &nd
700 MPa Fky; or equivalent
(3) Fasteners are not made from any titanium alloy.
Titanium alloys, such as-BAI-4V, cpTi, and other titanium alloys are not
acceptable in this categohecause ofjengic EACor SLCfailure modes, as
well as low fracture toughness.

(4) The fastened joint complies wiboth ofthe following fromNASA-STD-5020Q
Requirements for Threaded Fastening Systen8paceflight Hardware

A. Preload control as detailed section 6.1of NASA-STD-502Q

B. No joint separation in the nominal loading configuration as described in
sections 4.3 and 6&f NASA-STD-502Q

(5) Fastenerare subject to the following:

A. Have rolled threadsvith the rolling process occurring aftall thermal
treatment of the material

B. The results of the mandatory lot acceptance fatigue temtérgquiredto
establish that the fasteneneet the fatigue requirements in NASAD-5001

C. For fastener types that do not require fatigue testing as part of lot acceptance,
samples from the lot need to be submitted for fatigue testiagcordance
with NASM131211, Fastener Test Methods, Method 11 Tension Fatigue, and
NAM1312-111, Fastener TédMethods, Method 111 Tension Fatigoe,
equivalent, to satisfg.1.1.4b.(2) above.

(6) The fasteners are not made from a low fracture toughnessaslogfined in
section 3 in thisNASA TechnicalStandard

(7) Fasteners are not reworked or custoade unless the application is approved by
the RFCB.

6.1.1.5 NFC Fail-Safe Fastenes
To classify netallic fastenerasNFC fail-safe, meethe following:

a. The fasteners meet the faihfe requirements in section 6.th3hisNASA
TechnicalStandard
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b. The fastener satisfiedl of the following general fastener attributes

(1) Fasteners are fabricated from a matah high resistance stress corrosion
cracking as defined iIMSFG-STD-3029.

(2) Fasteners are fabricated, procured, and inspecisttordance with NASA
STD-8739.14 NASA Fastener Procurement, Receiving Inspection, and Storage
Practices for Spaceflight Hardwaendan equivalent military standardAS,
proprietary,or commercial aerospace specification approved bpribeuring
organkation

(3) The fastened joint complies with NASATD-5020 without joint separation in
the nominal configuratian

(4) Fasteners have rolled threads and are assesesthlbish thathey meet the
fatigue requirements in NASATD-5001.

(5) The fastenerare not made from a low fracture toughness alloy as defined in
section 3.2n thisNASA TechnicalStandard

(6) Fasteners are not reworked or custom made unless the application is approved by
the RFCB.

(7) Fasteners manufactured from titaniaftoysrequire additionatonsiderations
for this classification, including risk mitigation and assessmenttieaipproved
by the RFCB.

Titanium alloys, such as-BAI-4V (including annealed and STA conditipns
cp-Ti, and other titanium atlys, have potentigeneric EAC or SL@ailure
modes that are not mitigated by the fsdife requirements. Additional risk
mitigation is needed for their use in this classificatiorhveih assessment that
establishethatthere is no credible risk of generic fastener faikirelatedto
flawsor under applied loadThe assessment should includedible inifal
fastener defects/crack sizbe largest credile preload, ananaximum service
life loadng andshouldcompare the Critical Stress Intensity Factor te Kand
Keaclower bound values determined from testBanvfied fasteners applicable
service life environments.

6.1.1.6 NFC Locking Devices
To classify netallic locking devices to prevent fastener or connector backout, including wires,

tangs, or other methodssNFC locking devices NFC hardware is tieet the requirements of
section 6.2.1n thisNASA TechnicalStandard
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6.1.2 NFC Shatterable Components and Structures

To classify pag as NFCshatterablecomponers or structures, satisfyone of the itemé sted
below insection 6.1.2.1 osection6.1.2.2in thisNASA TechnicalStandargddepending on
application and hardware tyge, meetrequiremenfFCR 7, section6.1.bin thisNASA
TechnicalStandard

6.1.2.1 NFC Internal Shatterable Components

Shatterable components and structamesclassified as NFC by one of the following:

a. For shatterable components and structurgisle habitableolumes meet the
following:

(1) Requirements in section 6.2r2thisNASA TechnicalStandard

(2) Theparticulate containment requirements in NASAD-5018 Strength Design
and Verification Criteria for Glass, Ceramics, and Windows in Human Space
Flight Applications

b. For dhatterable components and structures insidehatitable volumesneet the
requrements in secti@b.2.1, 6.2.2, 6.2.3, 6.2.4r 6.2.6in thisNASA TechnicalStandard

6.1.2.2 NFC External Shatterable Components

To classifypartsas NFCshatterable components or structulegsatedon the external surface of
a spacecrathataremanufactured from a materaith limited ductility such that it is prone to
brittle failures when cracked and/or subjected to impaeet 6.1.2.2.a, 6.1.2.2417d6.1.2.2.c
below:

a. A DTA andIDMP are developed to mitigate credible catastrophic impacts from
vehicle loss of external surface mass, crew exposure, micrometeoroid and orbital debris
(MMOD), extravehicular activity (EVA), inadvertent contacts, and EVA tool impact hazards.

b. The design has sufficient structural integrity such that the loss of a primary member
does not result in catastrophic loss of spaceflight hardware function or required strength that
prevents thénardwaregrom safely completing the mission.

c. Any mass redased fronthese components meets the J@leased mass requirements
of section 6.2.1n thisNASA TechnicalStandard.

Refer to section 7.4.1 for DTA and 7.4.2 for IDMP.
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6.1.3 NFC Rotating Hardware

Satisfyone of the following items to classify a pag NFCrotatinghardwareto meet
requiremenfFCR 7, section6.1.cin thisNASA TechnicalStandard

a. The rotatinghardwards computer equipmerguch asomputer data storage disks
and computer cooling fans

b. The rotatinghardwaremeets the conditions in section 6.ih3hisNASA Technical
Standard

c. The rotatinghardwards within an enclosure andeets the following
(1) In the event of a rotor fractuoaused bylaws, a conservative assessment of
credible rotor fragmentshowsthe fragments are contained within the enclosure

in accordance witkection 6.2.2n thisNASA TechnicalStandard.

(2) The structural mounts for the rotatihgrdwareand the enclosure are evaluated as
standard structure and meet fracture contplirements

(3) The mount assessments include credible loads from a sudden stop of the rotor
unless it isestablishedhat eitherof the following are satisfied

A. The rotatinghardwaredoes not have a credible sudden stop catastrophic
hazard during the service lifeat hagesuledfrom a structural failure of the
rotatinghardwareor adjacent structureaused bylaws.

B. The rotatinghardwarehas design features and monitoring vaétiety controls
that make a sudden stop a rayedible event.

6.1.4 NFC Sealed Containers
Satisfyall of the following to classify a part as NFC sealedcontainer e.g., a sealed electronics
box that is not part of a pressure systerd is not a pressure vesselmeetrequiremenfFCR
7] section6.1.din thisNASA TechnicalStandard:
a. The containemeets the following:

(1) Does not contain a hazardous material

(2) Loss of pressure or fluid from the container does not resaltatastrophic
hazard.

(3) Container supports meet fracture control requirements.
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Note that supports may either be integral to the container or separate parts, such as
brackets. If the supports are integral to the container and are fracture criticéher
discussion with the RFCB is necessary for classification of the container. Separate
support parts should be classified independent of the container.

b. Thepartis manufactured from metal alloys typically used for commercially available
sealed containers procured to an aerospace standard or equivalent that are not susceptible to
crack extensionelated to EAC or SLC

c. The container satisfies the LBB definitionthis document at MDP.

d. The container does not have an impervious barrier or coating that inhibits leakage on
either the interior or exterior surfaces.

e. A container issubject to the following:
(1) Inspected for leaks before repressurization
(2) Reflight containers are inspected for leaks before beirftpren.

f. The container stored fluid energy is less than 19J304,240 ftlb) based on
adiabatic expansion of a perfect gas.

g. If the MDP of the container 52 kPa (22 psil.5 atm)or less, no additional
assessmeriior items h and i belows required.

h. If the MDP of thecontainer is greater thd2 kPa (22 psil.5 atm) and no more
than 3@ kPa (44psi, 3 atm), satisfy one of the following

(1) An analysis shows that the comter has a positive margin against burst when a
factor of 2.5 on MDP is used

(2) The container is proof tested to a minimum of 1.5 times the MDP.

i. If MDP is greater than 3DkPa (44 psi, 3 atm), the sealed container may not be
classified in this category.

The container portion ofraNFC sealedcontainer does not require NDE to screen for flaws.
Thecontainer supports may require NDiepending on their individual fractur@wtrol
classification.

The guidance on LBB assessment provided in sectioniB.thié NASA Technicabtandards

also applicable to this sectioRroof tests are usuallgerformedn the operational environment,
or the test levels are adjusted via aGHE
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Inertial load effects (including attach points) may necessitate additional assessments beyond the
items in this category.

6.1.5 NFC Tools, Mechanisms, and Tethers

Satisfyeither of the following to classify a part asNFC tool, mechanismor tethe to meet
requiremenfFCR 7 section6.1.ein thisNASA TechnicalStandard:

a. To classifytools, mechanisms, and tethers as NFC during storage and nrssgehe
requirements in sectigr®.2.1 or 6.2.5n thisNASA TechnicalStandard

b. To classifytools, mechanisms, and tethers as NFC during stomaegtthe
requirements in sectigrb.2.2 or 6.2.3n thisNASA TechnicalStandard

6.1.6 NFC Batteries

Satisfyone ofthe following to classify pastasNFC battery cells/case$o meetrequirement
[FCR7] section6.1.fin thisNASA TechnicalStandard

a. Meet the NHLBB requirements in section 6.214hisNASA TechnicalStandard

b. Meetthe sealed container requirements in section @lillisNASA Technical
Standard

Small batteries in commarse, such as button cells of 2084 or less and carbozinc or
zincair batteries of size F or smaller are exempt from fracture control.

6.2  General Approaches for NFCParts

Parts in this category may be classified NFC if documented assessment cited in the FCSR shows
thatthey do not present a credible catastrophic hazard resulting from failure of theguestd

by a flaw or that they do not have a credible possibility fdlaa to cause failure of the part.

Both mmposite andonded hardwarare to satisfy section 6.3 in addition to the items in this
section.

[FCR 8] Each part classified as NFC that is not of a specific hardware type as described in
section 6.1in thisNASA TechnicalStandardshall comply with one of the following items

a. NFClow-releasednass compéswith section 6.2.1n thisNASA Technical
Standard

b. NFC contained compéswith section 6.2.2n thisNASA TechnicalStandard.

c. NFCfail-safe compieswith section 6.2.3n thisNASA TechnicalStandard.
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d. NFCNHLBB pressurizeccomponentomplywith section 6.2.4n thisNASA
TechnicalStandard.

e. NFClow-risk part compieswith section 6.2.%n thisNASA TechnicalStandard.

f. NFC documentedon-hazardoudailuremode compkeswith section 6.2.6n this
NASA TechnicalStandard.

[Rationale: Parts that can bghownto have no credible catastrophic hazard resulting from a
failure of the parcaused by flaw or to have no credible possibility filaws to cause failure
are notfracture critical. These parts can be classified as NFC.]

Use of an alternative approach requires unique rationale and approval by the RFCB as
described in section 1J0FCR 26 in thisNASA Technicabtandard

Sections 6.2.1 through 6.2id thisNASA Technicabtandardprovideapproaches to establish
that a part does not present a credible catastrophic hakaoduse gpart failure. Section 6.2.5
in thisNASA Technicabtandardprovides & approach to showhata part does not have a
credible possibility for a flaw to cause failure in the part.

6.2.1 NFC Low-Released Mass

Small parts or masses that are releadeelc@use o$tructural failure caused by a flaw) may be
designated NFC via the lereleased mass category.

Satisfyall of the following items to classify a pas anNFC low-releasednassto meet
requiremenfFCR § section6.2.ain thisNASA TechnicalStandard

a. The fracture of the part does not cause a catastrophic hazard.
b. The release of the mass does not cause a catastrophic hazard.

(1) For NFC compositer bondedoarts that may be impacted hyMFC low-
releasednass partestablistthat theimpacted\NFC compositer bondedbarts
can sustain DULThis isverified by analysis combined with coupon or hardware
element test datahile subject tahe worstcase impact damage from the released
mass.

(2) For fracture critical composita bondedparts that maydimpacted byraNFC
low-releasednass part, include the worsase impact damage from the released
mass in the DTA and RTD during evaluation of the fracture critica) part
describedn section 7.4n thisNASA TechnicalStandard

(3) Loss of function and imgct with other hardware, equipment, spacecraft, and
personnebreaddressed in thevaluation
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(4) External released mass or parts, including those that would be subjected to
aerodynamic flow, may only be classified loeleased mass when the program
hasestablished an acceptable debris field criterion and the parts fall within it.

The program should provide the launch vehiclesptable debris field criterialhe program or
launch payload integrator has to address cons@inimpact on adjacent payloads and other
spacecratft.

6.2.2 NFC Contained

Parts that would be safely confined to an enclosed volume should they beconbetaose of
the presence of a flaw may be designated NFC via the contained category.

Satisfyall of the following items to classify a pasNFC containedto meetrequiremenfFCR
8] section6.2.bin thisNASA TechnicalStandard:

a. A containment assessment conservatiestyablishes thahe containedoart does not
penetrate, fracture, or otherwisscape the enclosure.

(1) Metallic containerareshown tomeetthe penetratiorcriterionby a validated
analysis method that includes uncertgifactors on the container thickness or by
test.

(2) Composite containerreshown to meethis criterionby establishinghat the
composite container can sustain DUL (verified by analysis combined with coupon
or hardware element test data) with the woeste impact damage from the
released part.

b. Release or failure of the contained gaetause oh flawdoes notesult ina
catastrophic hazard.

c. The enclosure structure and supports rtteefollowing:
(1) Fracture control requirementistedin this NASA TechnicalStandard

(2) Perform their intended functions if impacted by the loose, fragments, or
contents of the part

d. Assessment of containers witlechanically secured closurgsows the design is at
least one fault tolerant against release of the contents.

Consider all sources of energy available to a contained part during aiconént analysis.
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If the part contains hazardous materials or fluids, to satisfy @b (above) the containment
assessment alsstablisheshatno hazardous materials or part fragments are released that
result in a catastrophic hazard. Alsote hat impact with a composite enclosure is to be
considered during fracture control classification and assessment of the enclosure.

6.2.3 NFC Fail-Safe

Parts with sufficient structural redundanttyat may fail because of the presence of a flzay
bedesignated NFC via the faslafe category.

Satisfyall of the following items to classify a pasNFC fail-safeto meetrequiremenfFCR §
section6.2.cin thisNASA TechnicalStandard:

a. Documented ssessmerdstablisheshat loss of ay load path does neoésult ina
catastrophic hazard and thiek of loss of the structural redundarmgcause omulti-site fatigue
or damage of redundant load path structures from any source during the service life of the
structure isnotacredible conern.

b. Failure of the part does not generate pieces or debris that would violate tHeWwdFC
releasednass requirements section 6.2.1n thisNASA TechnicalStandard

c. After the loss of any load path, there is sufficient remaining structural digypsdbi
safely sustain all resulting redistributed loads and environn(i@ctading dynamic response
changesyntil termination of the mission or until such time asgh#is inspected and
refurbished.

(1) For NFCcompositeor bondedoarts that may benpacted by a NFC fail-safe
part,establistthat theimpactedNFC compositer bondedparts can sustainUIL
verified by analysis combined with coupon or hardware element testddata
being subjected tthe worstcase impact damage from the Nfdil-safe part.

(2) ForanyremainingNFC composite or bondesiructure of this faikafe part,
establisithat theremaining structurean sustain DLLThis isverified by analysis
combined with coupon or hardware element test data with the-easstimpact
damage from the NFail-safe part

(3) For fracture critical composite bondedarts that may be impacted by FC
fail-safe part, include the worstise impact damage caused by the K&ilcsafe
part in the DTA and RTD during evaluation of the fractnigcal parts as
describedn section 7.4n thisNASA TechnicalStandard
For metallic structuresverification by analysis is sufficient.

d. Reflight hardware is verified by visual inspectionother mean® be intact and free
of structural anomalies befobeing reflown.
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The possible consequences of the release of redundant parts need to be dss@asedf a
redundant part may create impact with an adjacent part and is to be considered duringefractu
control classification and assessment of the adjacent part.

6.2.4 NFC NHLBB Pressurized Components

This classification is intended fometallicpressurebearing walls of containers, trapped

volumes, lines, fittings, valves, regulators, filters, bellows, or other pressingzddarethat
transfer norhazardous fluid under pressure and that would leak down in the presence of a flaw
rather than burst when ed as intendedl'ypically, these parts are produced under process
control in large quantitiesareidentical parts andare subjected to NDE and qualification

testing to ensure the parts are reliable and present a low risk of containing detectable #ilaws th
result in crack growtlrelated to environmental, loading, or other conditioAsso, this
classificationis intended for hardware designed to carry primarily presdoagls This

hardware isusuallydesigned with appropriate supports, bracketsrelief loops such that the
hardwareis not subject to significant structural loads. this classification, the leakage of the

fluid is not allowed to create a catastrophic hazartlissection does not apply to the hardware
types addressed in sectior2 h this NASA Technicgbtandard

Satisfyall of the following items to classify a part aslFC NHLBB componento meet
requiremenfFCR § section6.2.din thisNASA TechnicalStandard:

a. The pressurized item satisfies the LBB definition in this documeMDP.
b. The leak does not cause a catastrophic hazard nor release ha#ardous

c. As thehardwardtem leaks down, there is no repressurization or continued pressure
cycles that could lead to continued fatiguerack growthrelated to EAC or SLC

d. Thehardwards manufactured from metal alloys that are not susceptible to crack
growth related to EAC or SLC in the applicable environnaewt that are typicallysed for
pressurizedystemsuysing processes that have bestablishedby reliability or inspections of
many similar parts to be extremely unlikely to produce parts with a flaw exceeding process
specifications

e. Associated structure supporting the pressuimdwarealso meets fracture control
requirements.

f. Hardwaredoes not havan impervious barrier, coating, eton either the interior or
exterior surfacethat inhibits leakage.

g. Reflight hardwareas inspected for leakseforerepressurizatioand/or before being
re-flown.
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Note that leakindnardwaremay present unacceptable impacts on program mission success.
Catastrophic hazards for LBB assessment include unacceptable dilution or toxicity of breathing
environment, increases in oxygen or flammable material beyond flammability limits, or loss of a
sdety-critical function.

When LEFMis applicable an acceptable approach to LBB for metallic allag$o showby
analysis that avorstcasesurface crack will grow into a througthe-thickness crack without
unstable crack propagation. This presumes thel\Wware manufacturing processasno credible
risk of producingnitial flaws longer than therack,and leakagehrough thecrackis shown to
reduce pressure before loadings could grow the crack to cause frathe@nalysis, taking into
account applied loads and residual stress effetteys thathe crack will leak and not be
unstable. Additional guidance on analysis and leakagevailable inAP1579-1/ASME FFS1,
Fitnessfor-Service.

6.2.5 NFC Low-Risk Parts

The lowrisk classification is intended for parts that are extremely unlikely to contain or develop
critical flawsbecause ofl) extremely low likelihood of flaws being induced by manufacturing
processes, environmental effecisservice events an@) large structural margins.

Satisfyall of the items irsection6.25.afor metallic pars or all of the items isection6.25.b for
compositeor bondechardwareo classify a paras anlNFC low-risk partto meef{FCR § section
6.2.ein thisNASA TechnicalStandard:

a. Metallic partsareclassified as low risiprovided the documented assessment shows
they meet the following:

(1) The part is manufactured from materials witéll-characterizedtrength and
ductility properties using processes thave beerstablishedby inspections to
be extremely unlikely to produce parts with feandthathave beeshownnotto
fail because obrittle fracture

(2) Metallic parts have a material property ratiotofj &  p& il | T@® E |
and do not have sensitivity EAC, SLC, orstress corrosion cracking as defined
in NASA-STD-6016

(3) Aluminum pars are not loaded in the short transverse direction if this dimension
(from the raw stock part) is greater than 7.62 cm (3 in).

(4) Parts lave totalnetsectionstressese.g., maximum principal or von Mises,
whichever is largerat limit load that are less than 30 percent of the ultimate
strength

(5) One of the following is satisfied:
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A. Perform a fatigue analysis that result@minimum service life factor of 4
with a factor of 1.5 on local cyicl stresses.

For metallic parts addre&sl in6.2.5.a5.Ain thisNASA Technicabtandard
thepart should meet conventional fatigue, accounting for notch and mean
stresses, with #fetimes andl.5 on alternating stress.

B. Perform adamage tolerance analysimtresults ina minimum of 4 complete
service lives with a factor of 1.5 on alternating stresag a 0127-mm
(0.005in) initial crack that conservatively accounts for the effects od¢hes
and mean stress

b. Compositeor bondechardwards classified as low riskprovided the documented
assessment showsnees the following based on the flaws identified by the RTD
performedn accordance witkection7.4.3 in thisNASA TechnicalStandard

(1) The partresidual strength with the largd®TD flaw can sustaiiDUL verified by
analysis combined with coupon or hardware element test data

(2) The part limit strairwith the RTD established flaw sizebelow the neyrowth
threshold stria established by test

(3) Reflight hardware is verified by visual inspectionother meant show the
hardware is intact and free of structural anomalies békeireg reflown.

Note that metallic welds and castings are manufacturing processesdiidtentikely to contain
critical flaws, and thereforghey do not qualify aw-risk parts unless inspection data
establishthey have no flaws that can grove., the crack stress intensfgctor is below
threshold, including environment and residstiess effects.

For metallic parts addressed in itefr2.5a (above) the netsection stresses are to be computed
based on strengtbf-materials theory. An example of the-settion stress calculation for

combined tension and bending stress is detailedd NASGR® U s e r angal Adpendix B

in the beginning pages, except no crack or epsilon factor is used for thisoMHGkK

application. For complex parts where finite element results are obtained that may include stress
concentrations and stress giadts, the nesection stresses are to be computed by integrating

the stress distribution andividing by the area for the sectional area being assessed.

6.2.6 NFC Documented NonrHazardous Failure Mode
Provide documentatioaestablishinghat a hazard assessment has been performetattigere
are no credible catastrophic hazards resulting from failure of thegquesed b flaw to classify

a part as NFC Documented Nétazardous Failure Mode meetrequiremenfFCR 8] section
6.2.fin thisNASA TechnicalStandard
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Note that this category is significantly different from the Exempt classification in section 5.
Exempt parts are nonstructural and have no hazardous concerns or failure modes. This category
may have structural or nestructural parts that are to be addressby a documented hazard
assessment thastablisheso credible catastrophic hazards exist the failure modes

identified

For composite or boreti parts classifiechs NFC Documented Nefazardous Failure Mode
according to this section may not be raqdito meet all the requirements in section 6.3 in this
NASA Technicabtandard. Guidance from the RFCB may be necessary.

6.3  Additional Activities for Composite or Bonded NFC Hardware
Composite or bondelaardwareclassified as NFC require activitiédetailed belowjo be

performed and then documented in the F@S&ddition to the other activities for the specific
NFC category.

[FCR 9]NFC composite or bonded parts thatisfy requirements falassification in a specific
categoryin sections 6.1rad 6.2in thisNASA TechnicalStandardhall also comply witlall of
the following itens:
a. For parts classified as NFC lovsk, develop the following:
(1) A DTA in accordance witBection 7.4.1n thisNASA TechnicalStandard
(2) An IDMP in accordance witsection 7.4.2n thisNASA TechnicalStandard
(3) AnRTD in accordance witkection 7.4.3n thisNASA TechnicalStandard
b. For NFC parts not classified as low risk, perform the following:
(1) Define and quantify the flaws from asgurce that may occur to the hardware
during its service life, considering all applicable flaw detection and mitigation
strategies that are implemented for the flight hardware.

(2) Develop ariDMP in accordance witlsection 7.4.2n thisNASA Technical
Standard.

c. Perform NDEaftercompletion of all manufacturing processes (or after proof test, if a
proof test is performedh accordance witkection 8.1.2n thisNASA TechnicalStandargdwith
the following clarifications:
(1) No NDE is required foNFC low-releasednass parts
(2) No NDE is required for NFContained parts

No NDEis required because therens credible catastrophic hazard for these two
specific categories.
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d. Meet thetraceability requirement of section 8r2thisNASA Technicé Standard
[FCR 21.

e. Meet thematerialselection andusage requirement of section &3hisNASA
TechnicalStandardFCR 23.

[Rationale: Parts classified as NFC that also contain composite or bonded materials need
additional precautions to providaitigation for undetected damage. These parts can be
classified as NFC ]

Use of an alternative approach requires unique rationale and approval by the RFCB as
described in section 10 [FCR 28] thisNASA Technicabtandard

The assessments in secti@.1 and 7.4.2h thisNASA Technicabtandardrely on NDE and
material controlsincluding traceability requirements as prescribed in sectiam tBis NASA
TechnicalStandardto address hazards.

Traceability for NFC compositer bondedparts is somewhat unique relative to NFC metallic
parts. While metallic parts usually have a specification for providing minimum properties
throughout the part, composite bondedparts are composed of elements that may have
specifications, but the prop@s after combination of these elements are often unique to the
hardware being produced.

NASASTD-5001requires a proof test for alomposite or bondestructures.

7. ASSESSMENT OF FRACTURE CRITICAL PARTS
7.1  Fracture Critical Parts
[FCR 10]Parts shall be classified as fracture critizalless onef the followingis met:

a. There isnocredible possibility for a flaw in the part to cause failure during the
lifetime of the part.

b. Part failuredoes notesult in a credible catastrophiazard.
[Rationale: Parts thatlo notmeetone of theabovecriteria require mitigation to preclude
catastrophic failure. Classification as fracture critical denotes the need for knowledge of the
sensitivity of the part tbaws or damage, an adequate sening of parts foflaws or damage

and protection from damage, and traceability to assure a-figdlity aerospace part is
produced.]
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Parts that are fracture critical requirgsk mitigationactivities to provide assurance thiéaw or
damagesensitivityis understood relative to flaw screening or qualification and acceptance
testing and material processing parameters.

The methods this sectiomr e based on NA Sestablisheshpppoachése nce bas
industry standardsor aerospace standardany deviations or omissions of elements in the
activities or approaches described in this sectionstitutean alternativeapproachthat is to
satisfy the requirements gection 1JFCR 26 in thisNASA Technicabtandard
In addition to assessmerdscussed in the subsequent subsections, fracture critical parts are
subject to flaw screening, traceability, and material selection requirenreatxordance with
section 8n thisNASA Technicabtandard Documentation of the approaches to implemeorati
and the results of implementation activities are discussed in seatibtihi@NASA Technical
Standardfor the FCP and FCSR requirements.
a. Parts are fracture critical unless one of the following is met:

(1) The part is exemph accordance witlsection 5n thisNASA Technicabtandard
(2) The part is NFGn accordance witlsection Gn thisNASA Technicabtandard

b. Fracture critical parts are to comply with one of the following applicable items:

(1) Established approaches for the specific hardware typascordance with
section 7.2n thisNASA Technicabtandard

(2) General approach for fracture critical metallic parts assessnreatcordance
with section 7.3n thisNASA Technicabtandard

(3) General approach for fracture critical composite or bonded hardware assessment
in accordance witlsection 7.4n thisNASA Technicabtandard

(4) Optional approaches for fracture critical parits accordance witlsection 7.5n
thisNASA Technicabtandard.

(5) Satisfy requirements in section ibdthis NASA Technicgbtandardor an
alternative approach

c. Fracture critical parts are also to comply with the following items:

(1) Satisfy flaw screening, traceability, and material requirementeatian 8in this
NASA Technicebtandard

(2) Satisfy documentation requirements in sectionrthis NASA Technical
Standard
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d. A partshouldalways be classified as fracture critical if there is doubt or concern to
establishthat it is not fracture critical.

e. Parts that are often determined to be fracture critical inclodeare not limited to
rotating hardware that does not satisfy thNNASA Technicsdt andar dds secti on
requirements, &izardous fluid containers, essure systems that contain hazardous fl(gdsh
as liquid rocket engine syste)nand pressurized structurésuch as propellant tank structujes
primary thrust structure (unpressurized), salatket motor cases and nozzles, and habitable
modules.

f. Pressure vessels, as definedattion 3.2f this NASA Technicabtandard, are
fracture critical.

g. Fracture critical parts receive additional attention beyond the standard structural
and quality assurance assessments normally givepaodlight hardware Theseadditional
activities includehe following:

(1) Either an approved set of prescribed activities deemed to be sufficient to mitigate
the risk of failure because of a flaw (established approaches and optional
approaches) oa damage tolerarteassessment (analysis, test, or both) to show
life requirements are mét the presence of flaws

(2) Sreening of parts for flaws

(3) Traceability of the parts

(4) Material requirements.

(5) Documentation of the assessment hatlwareimplemeration process.

7.2  Established Approaches for Specific Fracture CriticaHardware Types

[FCR 11]Each fracture critical part that is described by a specific hardware type in the following
list shall comply withthe established approach given in one offtiiwing items

a. Fracturecritical metallic pressurevesselomply with sectiory.2.1in thisNASA
TechnicalStandard.

b. Fracturecritical COPVs andompositeoverwrappedressurizedluid containers
complywith section7.2.2in thisNASA TechnicalStandard.

c. Otherfracturecritical pressurevessels angressurizedluid containerscomply with
section7.2.3in thisNASA TechnicalStandard.
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d. Fracturecritical lines,fittings, and othepressurizedomponentsomply with section
7.2.4in thisNASA TechnicalStandard.

e. Fracturecritical habitablestructures andolumescomply with sectiory.2.5in this
NASA TechnicalStandard.

f.  Fracturecritical pressurizedtructurescomply with sectiory.2.6in this NASA
TechnicalStandard.

g. Fracturecritical rotatinghardwarecompleswith section7.2.7in thisNASA
TechnicalStandard.

h. Fracturecritical fastenergomply with sectiory.2.8in thisNASA Technical
Standard.

i. Fracturecritical shatterablecomponents andructurescomply with section7.2.9in
this NASA TechnicalStandard.

j. Fracturecritical tools mechanismsandtetherscomply with sectiory.2.10in this
NASA TechnicalStandard.

k. Fracturecritical batteriescomply with sectiory.2.11in thisNASA Technical
Standard.

[Rationale: Parts that comply with this requirement haeae sufficient activitieperformedo
establish adequatesk mitigation of failure caused byhe presence of a flaw or cratike
defed.]

There are currently no predefined approaches for pressure vessels or pressurized fluid
containers that are qualified under a different code/standard than ANSI/ADSA Sr

ANSI/AIAA $081, such as the ASME Boiler and Pressure Vessel Code, Sectjddiwsions 1

or 2, or the United States Department of Transportation (DOT) Code of Federal Regulations
Title 49, Transportation. These codes/standards do not impose the structural integrity activities
needed for damage tolerance that are specified inlANSA S080 and ANSI/AIAA-881. The
approaches used by these ASME, D&M other industrial codes/standards to certify vessels do
not include damage tolerance. In addition, service fluid, temperature, mounting, vibmation
vacuum requirements consistent with aerospace environments are not addressed in these
codes/standards. Damage tolerance is required for commercially availakieedelf (COTS)
pressure vessels. Pressure vessels certified to ASME, DOT, and otistriahdodes/standards
with failure modes where leakage would not result in a catastrophic hazard (some examples of
leakage resulting in catastrophic hazards atexic release, asphyxiation hazards, flammable
mixture release, thrust loading on the prargsvessel mounting or surrounding structure that
results in loss of structural margin or the need for operational modificationsserdbcritical

system functionnay be proposed for acceptance without damage tolerance assessment (in
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combination with ther activities) by developing an alternative approach as required in FCR
[26], section 10 of this NASRechnicalStandard.

Equivalence means that damage tolerance life analysis or test requirements in sections 7.2.1 or
7.2.2 in ths NASA Technical Stalard are also applied in modified form for a vessel meeting
section 7.2.3 in this NASA Technical Standard. Equivalence does not mean other types of
assessment, such as fatigue calculations or cycle test, can be substituted for the damage
tolerance methodoby detailed in sections 7.2.1 and 7.2.2 in this NASA Technical Standard.

7.2.1 Fracture Critical Metallic Pressure Vessels

This category pertains to pressure vessels that are designed to meet ANSHAAAISS,
Space SystemdMetallic Pressure/essels, Pressurized Structures, and Pressure
ComponentsFracture critical metallic pressureessels meeting other codes/standards are
addressed in section 7.2r8thisNASA Technicabtandard

Pressurevesselsas definedby NASA are always fractureitical. For reference only, the
definitionof pressure vesseis repeated as guidance below.

Pressure Vessel: A container designed primarily for pressurized storage of gases or
liquids and that also performs any of the following:

1 Containsstoredenegyof 19,307 J (14,240ft-Ib) or greaterbasedon adiabatic
expansiorof a perfectgas.

1 Storesagasthatwill experiencean MDP greaterthan690 kPa(100psia).

1 Containsafluid (gasand/orliquid) in exces®f 103kPa(15 psia)thatwill createa
hazardif released.

Fracture critical metallic pressure vessais to comply with ANSI/AIAA S080-1998 with
tailoring as specified below in iteraghroughk to meet requirement [FCR 11] section 7.2.a in
thisNASA TechnicalStandard

Subsequentersions oANSIAIAA S 080with modifications that implement the technical
content as mandated in this sectioay be used with the approval of the RFCB

a. Describe thelamage tolerance assessment apprivatite FCHn accordance with
section 4.JFCR1] in thisNASA TechnicalStandard.

b. All occurrences of the following terms ANSI/AIAA S-080-1998 are replaced with
the terms having meanings as specified below:

(1) All occurrences of "maximum expected operating pressure” and "MEOP" are

substitutedvi t h  “ maxi mum de s i gasterpsiretislASAe” and
TechnicalStandard irsection 3.2
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(2) The word "nominal" is replaced with the word "average" ilA&ISI/AIAA S
0801998 sections except 4.7.2

B3All occurrences of the 't

erm “ s ASAIi ce | i
TechnicalSt andard in section 3.2 for

“serviec

c. The ANSI/AIAA S-080-1998requirementsn section5.1, Approach A,Path2, as
detailedin section5.1.20f that documenarefollowed for all the metallic pressurgessels
addressedly thatsectionwith the modifications specified ithis sectionof thisNASA Technical
Standard.

d. ANSI/AIAA S-080-1998 section 4.2.3afelife requirements are met with the
following modifications:

(1) The safdife assessment analysis and test assessments are to encompass and
represent the worsiase flaw location, shape, aspect ratio, and orientation.

(2) Theprocess foselectingtheworstcase flaw location, shape, aspeatto, and
orientation is basednvessel stress/strain response, material streagthcrack
growthpropertiesanddocumentedn the analysis report.

(3) Theassessment determinititgeworstcase flawlocation shape, aspect ratio, and
orientation includes all regiord the pressurevessel, includinghe boss and any
internal and external attachments.

(4) The safdife assessment analysis and test loading spectra are to include all
loadings experienced during the service life, including those specified in this
NASA TechnicalStandard in section 7.3.1, unless the RFCB approves the
exclusion of specific loadgs as insignificant for a component assessment.

For example, with approval tfieRFCB, service life loadings that affect the safe
life of a particular region of the vessel by less thgebcentmay be excluded
from the safdife assessment of these ragg.

(5) The assessments are to stthatall safelife requirements are met for the entire
mission service life.

The mission service life includes all of the hardware activities included in the
hardware mission as defined NPR 7120.5for the duratia of the servicefe as
defined in section 3.ia thisNASA Technicabtandard. If the mission service life
includes periodic "depot" intervals (opportuesfor inspection) with fully
gualified screening inspections that enstirat acceptable hardwarbas

sufficient life, including the service life factor, to reach the next "depot"
evaluation, this "depot" intervddased servicéife approach may be proposed as
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an alternative approach by meetirtgetrequirements in section 10tbfs NASA
TechnicalStandard.

e. If the AIAA S-080-1998 section 4.2.7 analysis option to show-$ié#as planned,
apply the following modificationto the requirements

(1) Obtain preapproval by the RFCB for all crack growdbmputeranalysis
programs other than NASGI®.

(2) If the analysis ability to simulate crack growth is invalidated by plasticity or other
effects, the assessment is performed by test.

(3) If NASGRO®is used, either seti®o zero,or set K& such thathestress intensity
factor forthe part thicknesss less tharor equalto thecritical stress intensity
value with approval of the Technical Authority or the RFCB.

(4) Establish that the assessed parts sudiifetimes without failure (hazardous
leak or fracture instability) by analkys that assess all applicable effects causing
crack growth as a result of cyclic loadings.

A. If the loading sequence of high/low loads is unknown, then damage ta@eran
analysis is to show that the stress interfsityorat limit load is less than the
critical stress intensity factor or residual strength at the edAdifetimes.

B. If the servicdifetime is a single event or the fatigue crack growth is small
relative to the critical crack sidaitial and critical cacks are of similar sizg)
the analysis is testablishone of the following:

i. Reserve capabilitggainst fracture by meeting either a lower bound
critical stress intensity factor or residual strength at the eddifetimes

ii. A factor of1.4 on citical stress intensity factor or residual strength dfter
lifetime.

Assessments of metallic alloys that are susceptible to crack grelatéd
to SLC or EAC during the service life aaddressed in iter(6) below

(5) Use critical stress intensifgctor and cyclic threshold stress intensity range
(AK) values that are less than or equal to the average values.

(6) For metallic alloys susceptible to EAC or Sb€both satisfy all of the
following:

A. Use the lower bound value of stress intenfsitgorthreshold forassessment
of EAC (Keac or Kieac as appropriategndSLC if the material exhibits these
behaviors in the application conditions.
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B. Show that the applied stress intensity factor related to the largest service load
is smaller than thiswer boundstress intensitfactorthreshold determined in
item A aboveat the end of 4 lifetimes

f.  When performing proof testing in accordance with ANSI/AIAA&)-1998 sections
4.2.7,4.6.4, and/or 5.1.2.4, the duration of the proof test loadmmisiized while also meeting
the requirement to verify the pressure stability.

g. Ifthe AIAA S-080-1998 section 4.2.7 testing optionsiaow safdife is planned,
requirements are to include the following items:

(1) The testing approach and rationale subjectto both of the following:

A. RFCB approvabeforeimplementation
B. Documentationn the FCP

(2) The testing is to show that the hardware meets the damage tolerance lifetime and
failure condition requinments in ANSI/AIAA S080-1998 as modified in this
NASA TechnicalStandard for initial flaws in the worst location, aspect ratio, and
orientation in conditions that account for the service environments.
(3) Testing reports showintpatthe testing objectives have been achieved are
documentedn accordance with section 9.1 in tiNASA TechnicalStandard and
cited in the FCSR.
h. The ANSI/AIAA S-080-1998 section 5.1.2.6 Special Provision is not allowed.
Pressure vessels as defined by NASA are alfvagiire critical
i. Vessels with crackike flaws that are induced during the manufacturing process are
not accepted as flight hardware unless a process for remediation repair has been established and
the Technical Authority approves the part and process.

Refer to section 8.1.5 of tiASA Technicabtandard for further requirements and
guidance.

J.  The ANSI/AIAA S-080-1998 requirementare subject to the following:

(1) Quality assurance igection 4.60f that documenis supplemented by
requirements in section(@ndits subsectionsin thisNASA TechnicalStandard

(2) If there is a conflict withANSI/AIAA S-080-1998, theANSI/AIAA S-080-1998
requirements for quality assurance in section 4.6 of that document are superseded
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by requirements in sectidh(and its subsectia)of thisNASA Technical
Standard.

k. TheANSI/AIAA S-080-1998 requirements for fracture critical part doewmtation
and reporting arsubject to the following:

(1) Supplemented by requirements in sectio@®dits subsectionsof thisNASA
TechnicalStandard

(2) If there is a conflict wittANSI/AIAA S-080-1998, theANSI/AIAA S-080-1998
requirements for &cture critical part documentation and reporting of that
document are superseded by requirements in sex{emd its subsections) of this
NASA TechnicalStandard.

(3) The ANSI/AIAA S-080-1998 section 4.2.5 required stress analysis report and the
section 4.2.7 safdife analysis report are provided as part of the FCSR
documentation.

Note thatANSIAIAA S080-1998 also addresses other hardware types, but only the metallic
pressure vessel requirements as tailored in this section are applicaltlessBtASA Technical
Standard

7.2.2 Fracture Critical COPVsand Composite Overwrapped Pressurized Fluid
Containers

This category pertains toomposite overwrappgatessure vessels and pressurized fluid
containers that are designed to meet ANSI/AIA$2000, Space Systeraomposite
Overwrapped Pressure Vess@XOPVs) Composite overwrapped pressurized fluid containers are
pressurized parts with a composite structure fully or partially encapsulating a metallic liner and that do
not meet the definition ofessure vessdtracture critical COPVsandcomposite overwrapped
pressurized fluid containers meeting other codes/standards are addressed in sectiontf7i.3
NASA Technicabtandard

For fracture critical COPVs and all other fracture critical cosig overwrapped pressurized
fluid containers with a metallic lineshowcompliance witPANSI/AIAA S-081-2000, with
modifications as specified below in items a througtio satisfy requirement [FCR 11] section
7.2.b in thisNASA TechnicalStandard.

Subsequentersions oANSIAIAA S 081 with modifications that implement the technical content
as mandated in this sectiomay be used with the approval of the RFCB.

a. TheANSI/AIAA S-081-200 requirements are followed for the assessment and

gualification of all the composite overwrapped vessels and composite overwrapped pressurized
fluid containers with metallic liners addressed by this section, regardless of the vessel fluid
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pressure, energy, or hazardous nature, with the modifications specifiedsedtiisin this
NASA TechnicalStandard

b. The damage tolerance assessment approach is described in timegl€€étdance
with section 4.1 [FCR 1] ithis NASA TechnicalStandard

c. All occurrences of the following terms ANSI/AIAA S-081-2000 are replaced with
the terms having meanings as specified below:

(1) All occurrences of "maximum expected operating pressure” and "MEOP" are
substituted with ma xi mum desi gn pasdefmaedinthisNASA nd " ML
TechnicalStandardn section 3.2

(2) The word "nominal" is replaced with the word "average" ilAAISI/AIAA
S-081-2000 sections

(3) All occurrences of the term "service life" are to have the meaning defireid in
NASA TechnicalStandardn section 3.2 for "service life."

d. ANSI/AIAA S-081-2000 section4.2 requirements are met with the following
modifications:

(1) In ANSI/AIAA S-081-2000 sectiond.2, thedamage tolerance, i.e., sdife,
approach (b) is the only acceptable approach.

(2) The ANSI/AIAA S-081-2000 sectiond.2.7 safelife requirements are metith the
following modifications

A. The safdife assessment analysis and test assessments are to encompass and
representheworstcase flaw location, shape, aspect ratio, and orientation.

B. The process for selectingethvorstcase locationshape, aspect ratio, and
orientationis based on liner stress/strain response and matrgalgth and
crack growthproperties and documented in the analysis report.

C. The assessment determining the waoeste locationshape, geect ratio, and
orientationincludes all regions of the liner and boss, including the shear
region of the bosand any internal and external attachments

D. The safdife assessment analysis and test loading spectra are to include all
loadingsexperienced during the service lifecluding those specified in this

NASA TechnicalStandard in section 7.3.1, unless the RFCB approves the
exclusion of specific loadings as insignificant for a component assessment.
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For example, with approval tfieRFCB, service life loadings that affect
the safdife of aparticular region of the lingrboss, or shear region of the
boss by less thanfercentmay be excluded from the sdife assessment
of these regions.

E. The assessments are to show all-tidéerequirements are met for the entire
mission service life.

The mission service life includes all of the hardware activities included in
the hardware mission as defined in NPR 7120.5, for the duration of the
service ife as defined in section 3i2 this NASA Technicgbtandard. If the
mission service life includes periodic "depot" intervals (opportunity for
inspection) with fully qualified screening inspections that ensure
acceptable hardware has sufficient life, including the service life factor, to
reach the next "depot" evaluation, this "depot" interbalsed servicdfe
approach may be proposed as an alternative approach by mele¢ing t
requirements in section 1 this NASA Technicgbtandard.

(3) Autofrettage is included in the service life unleser NDE is performed after
autofrettage.

(4) The assessment of crack growstatedto the autofrettage cycle is determined by
testin accordance witANSI/AIAA S-081-2000 section5.2.1, unless prior
approval is provided by the RFCB for an analytical approach.

e. When performing analysi® show safe lifdor lineaty responding portions of the
metal linerin accordance witANSI/AIAA S-081-2000 sectior4.2.7, apply the following
modifications:

(1) Obtain preapproval fronthe RFCBfor dl crack growth computer analysis
programs other than NASGRO®.

(2) If the analysis ability to simulate crack growth is invalidated by plasticity or other
effects, the assessmenpirformed by test.

(3) If NASGRO® is usegdeither seBx to zero, orsetBk such thathe stress intensity
factor forthe part thickness is less than or equal tactiteeal stress intensity
valuewith approval of the Technical Authority or the RFCB

(4) The analysishows that the parts survivéservice lives without failure by
assessments that address all applicable effects causing crack agawtsult of
cyclic loading usingthe following criteria:

Assessments of metallic alloys that are susceptible to crack grelatédto
SLC or EAC during the service life are addressed in Gdralow
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A. If the loading sequence of high/low loads is unknown, then damage t®eran
analysis is to show that theeds intensityactorat limit load is less than the
critical stress intensity factor tinatthe partapplied load does not exceed the
residual strength at the enddlifetimes.

B. If the service lifetime is a single event or #maount offatigue crak growth
is small relative to the critical crack sife unstable crack growtltthe
analysis is tshowreserve capability against fracture by meeting eithiéne
following:

i. A lower boundritical stress intensity factor or residual strerggtthe end
of 4 lifetimes

ii. A factor of 1.4on critical stress intensity factor or residual strerajtér 1
lifetime.

(5) Use critical stress intensity factor and cyclic threshold stress intensity range
(AK) values that are less than or equal to the average values.

(6) For metallic alloys susceptible EPAC or SLCor both satisfyall of the
following:

A. Use the lower bound value of stress intenfgitgorthreshold for assessment
of EAC (Keacor Kieac as appropriate)andSLC if the material exhibits these
behaviors in the application conditions.

B. Show that the applied stress intensity factdatedto the largest service load
is smaller than thiwswer boundstressntensityfactorthreshold deternined in
item A aboveat the end of lifetimes.

f. When performing proof testing accordance with ANSI/AIAA £81-2000 section
5.1.2, the duration of the proof test loading is minimized while also meeting the requirement to
verify the pressurstability.

g. When performing assessméatshow safdife by test for nodinear response of the
metal linerin accordance witlANSI/AIAA S-081-2000 section5.2.1, apply the following items:

(1) The testing approach and rationale subject to both athe following:

A. Provided to the RFCB for approvaéforeimplementation
B. Documenedin the FCP.

(2) The testing is teshowthatthe hardware meets the damage tolerance lifetime and
failure condition requirements BINSI/AIAA S-081-2000 as modifiedn this
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NASA TechnicalStandardor initial flaws in the worst location and orientation in
conditions that account for the service environments.

(3) Testing reports showintpatthe testing objectives have been achiesedare
documentedn accordanceavith section 9.1of thisNASA TechnicalStandardand
cited in the FCSR.

h. ANSI/AIAA S-081-2000 sectiond.2.10damagecontrol requirements are to include
the section 4.2.10.2drotective coveapproach with the following additional requirements

(1) Thecovers are required regardless of the COPV burst factor, wall thickness,
hazardous or nonhazardous nature of the farié@nergy content.

(2) If the vessel is exposed to risk of damage during any parts of the service life
where the initially applied cars are not present, additional damage controls are
selected from the options ANSI/AIAA S-081-2000 section 4.2.10

The additional damage contraisferenced in item h.2 aboweay be needed if
protective covers are removed before launch and the vesseisk of damage
during the remainder of its service life or if there are different risks to the vessel
during its service lifdecause oénvironments or service loadings that also need to
be addressed by damage contrd$.options, separately or in cobination may be
used, including specialized covers for flight conditions.

i. Apply the following items if the composite overwrap is constrained by external

structure or if it is part of a load path supporting the COPV for service life loads other than
pressure loads:

(1) Perform an assessment validated by testingsthawsthe overwrap with the
external structure loads meets all strength, fatigue, and life requirements in
ANSI/AIAA S-081-2000.

(2) The assessment is to include effects of damage eomglthat are not screened by
the protections imposad accordance witANSI/AIAA S-081-2000 section
4.2.10with the modifications in this section of tiNASA TechnicalStandard.

j. Vessels with crackike flaws in the metal liner that are induced dgrthe
manufacturing process are not accepted as flight hardware unless a process for remediation
repair has been established andTteehnical Authority approves the part and process
Refer to section 8.1i& thisNASA Technicabtandardfor further requirements and guidance.

k. Damage in other regions of the vessel may be repaired with an established, proven
process if approved by the Technical Authority.
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Refer to section 8.1&f thisNASA Technicabtandardfor further requirements and guidance.

This pertains to the repair of small manufacturing or cosmetic defects in the composite. There
are no acceptable established processes for repairing impact damage to the composite
overwrap. Accidental impacts that dot leave obvious visible damage indications are to be
logged, the impact site assessed by qualified inspectors, and the hardware approved for use by
the Technical Authority.

[.  The ANSI/AIAA S-081-2000 requirements for quality assurance in sectiomériat
document are supplemented and superseded by requirements in section 8 (and its sulysections)
thisNASA TechnicalStandard.

m. TheANSI/AIAA S-081-2000 requirements for fracture critical part documentation
and reporting arsubject to the followig:

(1) Requirements in section(@nd its subsections) of ti#éASA TechnicalStandard

(2) If there is a conflict wittANSI/AIAA S-081-2000, the requirementare
superseded by requirements in sectigartll its subsectiongf thisNASA
TechnicalStandard

(3) TheANSI/AIAA S-081-2000 section 4.2.3afelife and analysis reporend the
4.2.10Mechanical Damage Control Plan (MDCdtgprovided as part of the
FCSR documentation.

The entity responsible for deliverytbEMDCP (NASA, primeontractor, or other
subcontractors) determisevho develops the MDC®hich is subject to RFCB approval.

7.2.3 Other Fracture Critical Pressure Vessels and Pressurized Fluid Containers
Satisfythe following forall other facturecritical pressurevesselsand pressurized fluid
containers that are not addressed in either section 7.2.1 om/tRIZNASA TechnicalStandard

to satisfy requiremenfECR 11 7.2cin thisNASA TechnicalStandard

a. Document the poseal approachn theFCPin accordane withsection 4.1 [FCR]
in thisNASA TechnicalStandardand include the following:

(1) A rationalefor using ametallicpressuraressel COPV,or composite overwrapped
pressurizedluid containeirinstead of one of the following:

A. An all-metalpressure vessel that meets the requirements of section 7.2.1 in this
NASA Technical Standard, or

B. A COPV or composite overwrapped pressurized fluid container that meets the
requirements of section 7.2.2 in this NASA Technical Standard.
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(2) Describethe proposed approach that satisfipglicablerequirements in itesib, c,
or dbelowin thissectionand the regirements in sections 8 andrbthis NASA
TechnicalStandard.

(3) Receive RFCB approval before implementing the proposed approach.

Arationale is required because detailed requirements for the approach have to be developed and
documented in the FCP that satisfy the applicable requirements in b or ¢ below and the guidance
in this section, and the RFCB has to review and approval the pedpdetailed approach. This
presents a significant effort for the developer of the FCP and for the RFCB reviews.

b. The development approach is satisfied by comparison to requirements in sections
7.2.1 in this NASA Technical Standard for metallic pressessels or 7.2.2 in this NASA
Technical Standard for COPVs and composite overwrapped pressurized fluid containers. The
approach is to be equivalent to or an extension of all the requirements, including establishing that
damage tolerance life is achievedhmut failure or leakage of the fluid, and provides equivalent
risk mitigation of a catastrophic failure caused by flaws.

c. The proposed FCP approach flmmage tolerance assessnudrd fracture critical
pressure vessel or pressurized fluid contaimat is allcomposite or has a nanetallic i.e., an
elastomericliner or other normetallic components is to meet the general approach for fracture
critical commsite hardware in section 7itthis NASA TechnicalStandard and shothatthe
damage tolerzce required life is achieved without failure or leakage of the fluid.

d. The proposed FCP approach élmmage tolerance assessnudrd fracture critical
all-metal pressurized fluid container is to meet the general approach for fracture critadat met
hardware in section 7i8 thisNASA TechnicalStandard and shothatthe damage tolerance
life is achieved without failure or leakage of the fluid.

Notethat if a fracture critical metallic "pressurized fluid container” is planned with attributes
close to the definition of a pressure vessel, it may be advantageous to push it into the pressure
vessel category to minimize later impacts as the project matures in case the initial design
attributes increase.

There are currently no predefined approachaspressure vessels or pressurized fluid
containers that are qualified under a different code/standard &48IAIAA S-080 or
ANSIAIAA S081, such athe ASME Boiler and Pressure Vessel C&#etion VII| Divisions1
or 2, orthe United StateBepartmet of TransportationCode of Federal Regulatiofistle 49,
Transportation These codes/standarde notimpose the structural integrity activities needed
for damage tolerance that aspecified inANSIAIAA S 080 andANSIAIAA S081. As a result,
the approaches used by these codes/standards to certify vessels do not facilitatedaestyey
tolerancerequirements as required this NASA Technicabtandard Equivalence means that
damage tolerance life analysis or test requirateensections/.2.1 or 7.2.2n theNASA
TechnicalStandardare also applied in modified form for a vessel meetegtion7.2.3in this
NASA Technicdbtandard Equivalence does not mean other types of assessment, such as fatigue
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calculations or cycledst, can be substituted for the damage tolerance methodology detailed in
sections 7.2.1 and 7.2i2 thisNASA Technicabtandard Use of these codes/standards in
combination with other activitiemay be proposedoweveras an alternative approach as
de<ribed in[FCR 26]in section 10in thisNASA Technicabtandard

In addition, other pressure vessels and pressurized fluid containers may be developed that are
not addressed by existing codes or standards. Examples may inolagesiteressure
vessel&kontainers without a metal liner rubberlined composite pressure vessels/containers

For these other fracture critical vessels/containers, a unique approach is developed and
proposed in the FCP that establishes equivalent methods of addressing material, structural,
gualification, acceptance, and related aspects such as those ANBHEAIAA S080 or

ANSIAIAA S081standards to support the damage tolerance assessment. Equivalence with
the AIAA pressure vessel standards may inchssessments and testithgt include

materials aspectdpadings, stress analysis, strength, environmenttsffetifiness, thermal
response, life, quality assurance, repairs, NDE requirements, acceptance processes including
proof and leakage testing, damage tolerance control pem$damage tolerance

assessments by analysis and/or testing, and documentdtiaever, use of analytical

techniques to establish damage tolerance is generally considered insufficiently developed for
composite pressure vessels. Foicalinposite pressure vessels, the approaches described for fracture
critical composite hardware in sin 7.4in theNASA Technicabtandardshould be incorporated

in addition to applicable equivalent requirement&MSIAIAAS081

For other types of vessels/containers, it shalsbbe noted thatn addition to the section 9
documentatiorn this NASA Technicabtandardshowing the approach proposed in the FCP has
been met, section 9.1.3rithis NASA Technicabtandardrequires providing supporting

detailed technical information to the RFCB upon requastuding drawings, material and
processing data, detailed stress anedyand damage tolerance analysbhat are needed to
support the damage tolerance assessment.

Early involvement with the RFOB suggested for any vessels/containers to be assegseid b
section

7.2.4 Fracture Critical Lines, Fittings, and Other Pressurized Components

For metallic fracturecritical lines,fittings, and othepressurizeccomponents (hardware items

that are part of a pressurized systamluding valves, filterstegulators, heat pipes, and heat
exchangers) that transfer hazardous fluids or when loss of pressurization results in a catastrophic
hazardto satisfy requiremerfFCR 11 section7.2d in thisNASA TechnicalStandardmeet
either7.2.4a or7.2.4b (below).

a. Apply the following itemg1) through(6) to parts where the only load of significance
is relatedto pressure

(1) The metallic material is not susceptible to crack extensated to EAC or SLC
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(2) Perform100percent inspection of all fusion joints in fracturdical pressure
components using a qualified NDE method after proof test to inspect for the
presence of unacceptable lack of penetration or other unacceptable conditions
both on the surface and withime fusion joint.

(3) Reject any type of flaw indication in the final product that does not meet
specification requirements.

NDE rejection indicates the need for formal review and part disposition.

(4) Proof test lines, fittings, joints, and oth@essurized components or parts to a
minimum of 1.5 times the MDP during individual acceptance or at the system
level.

(5) An ECF less than 1.0 is not allowed without prior approval by the RFCB.

(6) ObtainRFCB approval that the part is manufacturedgiprocesses that have
beenestablishedby reliability or by inspections of many similar parts to be
extremely unlikely to produce parts with a flaw exceeding process specifications.

For loading (stresses) to be considered pressure dominant, all otms lo
(stresses) should be no greater tharp2@centof the pressure loads (stresses).

b. Satisfy section 7.8 thisNASA TechnicalStandardor parts that do not meet the
criterion in7.2.4a.

Item7.2.4ais intended for hardware designed to carry primarily pressoaels This hardware

is designed with appropriate supports, brackets, or relief loops such that they are not subject to
significant structural loads. Typically, these parts are produced una&egs control in large
guantities areidentical parts andare subjected to NDE and qualification testing to ensure the
parts are reliable and present a low risk of containing detectable flaws that result in crack
growth.

Pressurized components may have high pressures and energies, but this type of hardware is
subject to high factors of safety imposed by osterdards such as NASBETD5001. NASA
STD5001 also requires implementation of AIAA&), which has a leak testoq@rement.

7.25 Fracture Critical Habitable Modules and Volumes

Satisfythe following forfracturecritical habitablemodulesandvolumesto meetrequirement
[FCR 1] sectiorY.2ein thisNASA TechnicalStandard:

a. Establishthatpressure shells adamage tolerant by satisfying secgan3 or 7.4in
this NASA TechnicalStandardor the appropriate material type.
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b. Proof test pressure shells.
c. Perform posproof test NDEof pressure shell welds.
d. Monitor and document operation to ensure deatification is not invalidated

Proof tests are usuallyerformedn the operational environment, or the test levels are adjusted
via an ECF.

Proof test levels (factors) are defined either by structural requirements or those developed to
provide flawscreening ¢ection 8.1.3FCR 1§ in thisNASA Technicgbtandard. Section 8.2n
thisNASA Technicabtandardrequires load history traceability for all fracture critical parts.
Flaw screening for the entire fracture critical structure is requiredccordance wittsection 8

in thisNASA Technicgbtandard Pre-proof NDE is highly recommended to protect higiue
structures and facilities.

A damage tolerance assessment consittersvorstcase allowed weld joint peaking and
mismatch effects (metallstructures) and residual stress effects (either by analysis or included
as a part of material test data) for habitable structures and enclosures.

7.26 Fracture Critical Pressurized Structures

This section is intended for pressurized structures sutduash vehicle main propellant tanks
that carry internal pressure and vehicle structural loads.

Satisfythe following forfracture critical pressurized structutesmeetrequiremenfFCR 11]
section7.2.fin thisNASA TechnicalStandard

a. Proof tesall flight articles.

b. For metallic pressurized structgrestablisrdamagdolerarce by satisfying section
7.3 in thisNASA TechnicalStandard

c. For metallic pressurized structures, perform gusbof test NDEn accordance with
section 8.1.1n thisNASA TechnicalStandardin addition to other necessary flaw screening
required in section B thisNASA TechnicalStandardin the following manner

Standard NDE is acceptable.

(1) Welded regions where proof testing adequately screens fas dl@isubject to the
following:
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A. Perform postproof NDE (surface and volumetric) of all welded regions for
the first flight article (as a minimum).

B. Also perform posproof NDE of all affected weld regions (including those
that are adequatecreened for flaws by proof test) subjected to significant
process, material, or vendor changes for the first flight article incorporating
the significant changes.

(2) For welded regions where proof testing does not adequately screen for flaws,
perform petproof NDE (surface and volumetric) of all welded regions for all
flight articles.

(3) All weld intersections, weld repair regions, and weld transition regiocisiding
friction plug pull weld regionsare toreceivepostproof NDE (surface and
volumetric) for all flight articles.

d. Forcomposite or bondegressurized structurggrovide thedamage tolerance
approach and rationale to the RFCB for approesbreimplementation.

For composite nbonded pressurizestructures, the requirements in section in.4his NASA
TechnicalStandardare a good starting poirds a fracture control approadbut will need
enhancement to provide adequate protection against catastrophic hazard.

e. Forcomposite or bondepressuried structureperform posfproof NDE as
described in section 8.1i2 thisNASA TechnicalStandard

Proof tests are usuallyerformedn the operational environment, or the test levels are adjusted
via an ECF.

Proof test levels (factors) are defined either by structural requiremeriig thiose developed to
provide flaw screeningséction 8.1.JFCR 1§ in thisNASA Technicdbtandard. Section 8.2n
thisNASA Technicabtandardrequires load history traceabiiitfor all fracture critical parts.
The use opressurized structures should imenitored with documerdtion of theoperatioral
historyto ensure that certification is not invalidated

The proof test factor for these structures is a minimum ofit.@8cadance with

NASASTD5001. This may result in a high stress during proof and possible growth of large
flaws in the structure during the proof telst.accordance witlthe guidance in section 8.1ir3
thisNASA Technicabtandard the flaw size used in thiée assessment of these structures in
regions where the proof test is used for flaw screening needs to adequately account for possible
flaw growth during the proof tegtypically establishedy laboratory damage tolerance tests).

Although it may be difficult to obtain adequate flaw screening for all welded regions via a proof

pressure tedbecause oéxternal vehicle loads, the proof test is designed to provide as much flaw
screening for welds as is practical.
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Flaw screening fothe entire fracture critical structure is requiréa accordance wittsection 8
in thisNASA Technicdgbtandard Pre-proof NDE is highly recommended to protect kighue
structures and facilities.

Damage tolerant assessmeonsiderghe worstcase alleved weld joint peaking and mismatch
effects (metallic structures) and residual stress effects (either by analysis or included as a part of
material test data) for pressurized structures.

7.2.7 Fracture Critical Rotating Hardware

Satisfythe following forfracturecritical rotatinghardware includingrotating hardware that does
not satisfy the conditions in NF®tatinghardware section 6.1i8 thisNASA Technical
Standardio meetrequiremenfFCR 1] in section7.2.gin thisSNASA TechnicalStandard:

a. The rotatinghardwards to satisfy the appropriate sectiord orsection7.4in this
Standardor the material type

b. The rotatinghardwares proofed by a spin test to a minimum rotaticerargyfactor
of 1.05 i.e.,rotationaltest speed = p8t w <hand one of the following performed:

(1) Perform NDEN accordance witkection 8.1in thisNASA TechnicalStandard
before and after the spin proof test

(2) Establishthat the spin proof test adequately screens for flaws (sectiom @b
NASA Tednical Standaryl andthatthis approach for flaw screening is approved
by the RFCB.

Proof tests are usuallyerformedn the operational environment, or the test levels are adjusted
via an ECF.

7.2.8 Fracture Critical Fasteners

Satisfythe following forfracturecritical fasteners toneetrequiremenfFCR 1] section7.2.hin
this NASA TechnicalStandard:

a. Design, fabricate, purchase, and implement fracture critical fasteners with all of the
following attributes.

(1) Fasteners are fabricated from a meitih high resistance stress corrosion
cracking as defined iMSFCG-STD-3029

(2) Fasteners are fabricated, procyraad inspected in accordance with NASAD-

8739.14 andan equivalent military standarAS, proprietary,or commercial
aerospace specification approved by the RFCB.
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(3) The fastened joint complies with NASATD-5020 without joint separation in the
nominal configuration.

(4) Fasteners have rolled threads and are assessed to demonstrate thiey mee
fatigue requirements in NASATD-5001.

(5) Fasteners manufactured fraitaniumalloysrequire additional coordination with
the RFCB for approval

Titanium alloys, such as-BAI-4V (including annealed and STA conditions}), cp

Ti, and other titaniunalloys, have potential generic EAC or Stalure modes

thatare to be addressed in the assessment with test data from flawed fasteners in
the applicable service life environments.

(6) The fasteners are not made from a low fracture toughnessaslogined in
section 3.2n thisNASA TechnicalStandard

(7) Fasteners are not reworked or custom made unless the application is approved by
the RFCB.

b. Includepreload and its effect on flaws and cyclic stresses in the damage tolerance
assessment.

c. Inspect all fractureritical fasteners by the eddy current NDE techniqueserproof
testingto screen for flaws.

d. Assume a flaw in thenost critical locatiorof a size consistent with NDE sensitivity
or prooftest level in the damage tolerance analys

General NDE flaw sizes are given in NASAD-5009, Nondestructive Evaluation Requirements
for Fracture Critical Metallic Component$®ut for specific guidelines on eddy current
methodology, PR®509 Process Specification for Eddy Current Inspectican be used as a
reference.

e. Prootfload test inserts used in conjunction with fracnigcal fasteners to a
minimum factor of 1.2 after installation.

This would include, for example, inserts bonded or potted into composite and sandwich
structuresas well as inserts installed into metallic structures. Note that composite structures
require additional considerationas given in section 7 i thisNASA Technicabtandard

f. Store and control fractuiitical fasteners after inspection or testingkeep them
isolated from other fasteners.
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7.2.9 Fracture Critical Shatterable Components and Structures

Satisfythe following forfracturecritical shatterablecomponents andructures taneet
requiremeh[FCR 1] section7.2.iin thisNASA TechnicalStandard:

a. Follow the requirements containedNASA-STD-5018 Dr fracturecritical
shatterable componentsiirternalvolumes

b. Coordinate with the RFCBf fracturecritical externakhatterableomponents and
structures

7.2.10 Fracture Critical Tools, Mechanisms and Tethers

The followingare to be appliedo fracture critical tools or mechanisms that are the only (no
backup) means for performing a function where failure to perform the function would result in a
catastrophic hazard or a toar mechanism whose failudiring use would, in itself, result in a
catastrophic hazardThis classification includes safetyitical tethers.

Satisfythe following forfracturecritical tools mechanismsandtethers tomeetrequirement
[FCR 1] section7.2.jin thisNASA TechnicalStandard:

a. Perform NDEand damage tolerance assessment (as described in sectbon 7.3
section 7.4n thisNASA TechnicalStandardfor each fractureritical tool or mechanism to
assure thaflaws that could cause failureudng use are not present.

b. Fracturecritical spring require RFCB approval

c. Qualification, design life verification, and acceptance testing are to comply with
NASA-STD-5017 Design and Development Requirements for MechaniEmacture critical
mechanisms.

When NDE methods are not sufficient to screen for critical defects, rationale should be
presented to the RFCB for approval that could include proof testing, statistical life testing, and
other mechanical testing and analysis to provide further understgradidefect sensitivity in the
part.

Springs should be designed to be-&ife or redundant.

Tethers should be proof tested, inspected, and assessed for damage in accordance with
applicable operational requirements.

Proof tests are usuallyerformedn the operational environment, or the test levels are adjusted
via an ECF.Other requirements such as NASAD-5001 provide proof test levels.
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7.2.11 Fracture Critical Batteries

Satisfythe following forfracturecritical batteries tomeetrequiremenfFCR 1] section7.2.kin
thisNASA TechnicalStandard:

a. Comply withJSC 20793CrewedSpace Vehicle Battery SafeRequiremergs

b. Comply withsection7.5.5 in thisNASA TechnicalStandardor fracturecritical
batteries

7.3  General Approach for Fracture Critical Metallic Parts Assessment

[FCR 12]Each fracture critical metallic part that is not of a specific hardware type as described
in section 7.2n thisNASA TechnicalStandardand is not approved by the RFCB as appropriate
for anoptionalapproach as described in section in.5hisNASA TechnicalStandardshall

comply with one of the following item combinations: a and b; a and c; graaglx

a. Developloadingspectra bycomplying with section 3.1in thisNASA Technical
Standard.

b. Performassessment bgnalysisto comply with section B.2in thisNASA Technical
Standard.

c. Performassessment btgstto comply with section B.3in thisNASA Technical
Standard.

[Rationale: Fracture critical parts need activities performed to understand the sensitivity of the
partifafawi s present. These activities can range f
capability with aflaw to acceptance tests thestablishthe part has sufficient capabilitg a

combination of activities that provideifficientinformation to mitigate the risk of failurelated

to undiscovered flaws.]

Use of an alternative approach requires unique rationale and approval by the RFCB as

descibed in section 1QFCR 2§ in thisNASA Technicgbtandard The approaches in this
requirementre the preferred approaches if followed completely.

Damage tolerant assessment used as the basis for acceptance of a fracture critical metallic part
establidhesall of the following

1 The relevant critical failure mode for thgart is identified
1 The appropriate load spectra are applied

1 The appropriate initial flaw size in a worsase orientation based on the screening
method implemented, in the wol@tation, is used
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1 Conservative material data and analysis methods are.used
1 One of the followingeach of which is detailed in this sectiomgstablished
- Thepart has a minimum service life factorbf

- Thepart is single loading evemtardwareand has a factor of 1.4 on critical stress
intensity factor or residual strength.

A damage tolerance assessment is performed to understand the sensitivity of #aast Tthe
requirement is necessary to mitigate risk of failbeeause oflawsthat may stilexist after
implementation oflaw screeningstrategies. Fatiguerackgrowthempirical data have inherent
scatter. When performing damage tolerance assessments, mean values ,aretussthtistical
lower bound. In addition, the predionh procedures have uncertaintiedated to the local stress
levels, stresintensity factor calculations, load spectra, and environmental effects. Errors in
local stresses and streg#ensity factor calculations are grossly magnified when crack growth
rates are evaluated while using the Paris growth law. Slight misjudgments of the spectrum can
lead to large effeston crack growth. To account for af these effecisa safety factor is applied

on the predicted life. Thus, the life factor of 4 providesgmeon uncertainties in analysis,
predictionmethodologiesand material property variations. The single load event factor of 1.4
on critical stress intensity factor, fracture toughness, or residual strength provides ultimate load
capability withflawsthat may go undetected and is representative of the requirements in
NASASTD5001.

7.3.1 Loading Spectra

A loading spectrum isecessaryor the damage tolerarlife analysis or damage toleraalife
test.

Developloadingspectraaccording to théollowing to satisfy requiremerfiFCR 13 section7.3.a
in thisNASA TechnicalStandard:

a. Include all anticipated significant loadings, both cyclic and sustained, for each
fracturecritical part throughout its service life.

b. Include all load leveland the number of cycles or duration during the service life of
the hardwargincluding proof test loads

c. Includethe effects of the appropriate environment for each fracture critical part
throughout its service life.

d. Includetheeffects of prelods
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e. Includeresidual stresses and any weld joint discontinyisiesh as peaking and
mismatch for cyclic and sustaineldads during the service life of the hardware.

f. Include the influence of all coatings and barriers on predeacked parts for any
scenarios where pressure is assumed to dedveaaase ofeakage from a crack.

g. Include the effects of impact loads and damage from mission environimehiding
butnot limited to credible impacts from vehicle loss of external surface, M&4©D, EVA
inadvertent contacts, and EVA tool impacts during assessments of external structures and
components.

Include the worstase allowear weld joint peaking and misméteffectfor damage tolerance
assessments by analysis or test. The assessment analysis or test is to capture the effect of peaking
and mismatch ostressgradients affecting crack gratvandfracture. Standard tensile strength

tests of ductile materials@a not adequate to assess these conditions.

Proof load factors are listed in NASZID5001 and may exist in prograspecific
requirementsProof tests are usuallyerformedn the operational environment, or the test levels
are adjusted via an ECF

7.3.2 Assessment by Analysis

Satisfythe following to performassessment bgnalysisto meetrequiremeh[FCR 12] section
7.3.bin thisNASA TechnicalStandard:

a. Assume that the initial flaw that could be present and undetected in the part is the size
and shapé¢hatis notscreened by NDE, proof test, or process control and is in the worst location
and orientation.

b. Use analysis methods and computer progrdnasare approved by the RFGBg.,
NASGRO®, for predicting flaw growth, life, and critical flaw sizes.

Note that when the available analysis ability to simulate crack growth is invalid, assessment by
test (section 7.3.B thisNASA Technicgbtandard is required.

c. Establishthat the assess@arts survivet lifetimes without failurg hazardouseak or
fractureinstability) by analyses that assess all applicable effects causing crack geowittesult
of cyclic loadings

(2) If the loading sequence of high/low loads is unknown, then damksgartee

analysis is to show that the stress intensity at limit load is less than the critical
stress intensity factor or residual strength at the eddifgtimes.
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(2) If the service lifetime is a single event or the fatigue crack growth is small/eclati
to the critical crack siz@nitial and critical cracks are of similar sizéf)e analysis

is toestablish one of the following:

A. Reserve capability against fracture by meeting either a Ibaamdcritical
stress intensity factar residuaktrengthat the end of 4fetmes

B. Afactor of 1.4 on critical stress intensity factor or residual strength after
1 lifetime.

Assessments of metallic alloys that are susceptible to crack gbew#use of
SLC or EAC during the service life are adssed in iten7.3.2f below

d. Use flaw growth rates that are greater than or equal to the average values without
implementing retardation effects on flaw growth rates in the damage tolerance analysis.

e. Use criticastress intensity fact@nd cyclicthreshold stress intensity rand@Kn)
values that are less than or equal to the average values.

f. Formetallic alloys susceptible to EAC or SIo€ both satisfy all of the following:

(1) Usethe lower bound value of stress intenségtorthreshold forassessment of
EAC (Keacor Kieac as appropriategnd SLC if the material exhibits these
behaviors in the application conditions

(2) Showthat the applied stress intensity factor related to the largest service load is
smaller than théower boundstress intesity factorthreshol@ determined in item

(1) aboveat the end of 4 lifetimes.

Requirement 7.3.2.f is intended to preclude susceptible metallic alloyHéighivare
from experiencing tim@&ependenti.e. da/dtcrack growth.

g. If NASGRO® is used

(1) Bk is either set to zero, ok set such that &at the part thickness is less than or
equal to the Ig value.

(2) Valuesof By resulting in k > K¢ require further understanding of the constraint
condition for the crack situation and may be used with approval of the Technical

Authority or RFCB
h. Use fracture propertiesubject to all of the following:

(1) From sources or testing that are approbgdhe RFCB
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(2) Representative of the material process condition

(3) Representative afleakest material orientation in tpart(unless material
orientation is fully traceable throughout the design and service life).

i. If material data needed ftlhe damage tolerance assessment are not avadalel@f
the following is to be accomplished:

(1) Obtainthe data by material testing

(2) If the source of the data to be used is from the literature, condassassment to
showthatconservative redts are obtained usingpatavailable data.

Section 8.1n thisNASA Technicabtandardspecifies flaw screening methods. The damage
toleranceassessment is to address flaws that aresoened by thecreening methodpplied
to the flight hardware.

The NASGRO®omputer progranms an approved analysis tool for the damage tolerance life
assessment of metallic spaceflight hardware. Other computer programs or analysis methods are
acceptable with prior approval by the RFCB. The NAS®R@terial databaseantains

fracture mechanics properties for several materials that carsbe with concurrence from the
RFCB.

Standard NASA damage tolerance analyses are deterministic, and experience has shown these
deterministic methods to be adequate. The probabihsgithod uses knowledge (or assumptions)

of the statistical variability of the damage tolerance variables to select criteria for achieving an
overall success confidence levehy proposed use of probabilistic damage tolerance analysis or
criteria to meet facture control requirements is considered an alternative approach as

described irsection 10in thisNASA Technicdbtandardand is approved by the RFCB on a
caseby-case basis.

7.3.3 Assessment by Test

Performassessment bigstaccording to the following teatisfy requiremerfFCR 12] section
7.3.cin thisNASA TechnicalStandard:

a. Provide the approach and rationale to the RFCB for appb&fateimplementation

b. Document the approved approach in the FCP.

c. Perform thaest(s) with initial flaws in the worst location and orientation

d. Establishby testingthat the components surviddifetimes including section 7.3.2.()

and7.3.2.c(2) requirements thisNASA TechnicalStandardwithout failure(leak orfracture
instability).
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Testing may be supplemented by analyses ithabnjunction or augmented by test correction
factors,assessll applicable effects causing increased crack growth.

e. Testin conditions that account for the service environments.

f. A sufficient number of testis performed to establish a representative result considering
variability of material damage toleremdata.

The approved approach is to be documented in the FCP. Formal documentation in the FCP
facilitates indepth technicateview and approval. Testing of coupons anefflawedstructural
elementsepresentative of the flight hardware damage tolerance conditiay be an acceptable
approach tcestablishdamage tolerance for metallic fracture critical parf®gether, lhe tesing
and any supplemental analyses arestablisnthat equivalent section 7.3.2 requiremeintghis
NASA Technicgbtandardare met.

7.4  General Approach for Fracture Critical Composite or Bonded Hardware
Assessment

[FCR 13]Each fracture critical composite or bondgetthat is not of a specific hardware type
as described in section 74r2thisNASA TechnicalStandardand is not approved by the RFCB as
appropriate for anptionalapproach as described in section in.shisNASA Technical
Standardshall comply with all of the following items:

a. Develop a DA by complying with section 7.4 in thisNASA TechnicalStandard.

b. DevelopanIDMP by complying with section 7.2in thisNASA TechnicalStandard.

c. DevelopanRTD by complying with section 7.3 in thisNASA TechnicalStandard.

d. Developloadingspecta by complying with section 7.4lin thisNASA Technical
Standard.

e. Performdamagedolerarcetests orcoupons by complying with sectiah4.5 in this
NASA Tednical Standard.

f. Performdamageolerarce tests ohardwaredemens by complying with section
7.4.6in thisNASA TechnicalStandard.

g. Performstrength andife assessmds by complying with section 7.4in thisNASA
TechnicalStandard.

h. Performdamageolerarce tests ofull-scaleflight-like hardwareby complying with
section 7.8 in thisNASA TechnicalStandard.
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i. Evaluateanomaliesdiscovered during any portion of the BB complying with
section 7.8 in thisNASA TechnicalStandad.

[Rationale: Fracture criticalpartsneed activities performed to understand the sensitivity of the
partif a flaw or damages present. These activities can range from a direct assessment of the
p a r dapalslity with aflaw or damageo acceptance &ts thatestablishthe part has sufficient
capabilityto a combination of activities that provisismformation deemed sufficient to mitigate
the risk of failurecaused byindiscovered flaws.]

Use of an alternative approach requires unique rationale and approval by the RFCB as
described in section 1J0FCR 26 in thisNASA Technicabtandard The approaches in this
requirementre the preferred approaches if followed completely.

Damage tolerace assessment of composite or bonbattwareuses a BBAthat includes

testing, analysis, and certification. The testingudesmaterialallowable coupons, structural
elements, subcomponents, components, and appropriateéldl article testing. The tests are
performed to evaluate relevant critical failure modes for loads that are representative of the
hardwareloading spectra ad may include LE& The test elements develop assessment
capability for credible damage levels as determined by the process steps resulting in the RTD.
Such aBBAlinks multiple length scales and accounts for the effects of structural and material
parameer variability.

Damage tolerance analysis of composite or bortdedwareis generally considered
insufficiently developed to certify flighardwarewithout the support of a test program and the
BBA However, whea testverified analysis approach exisaad is applicable, an analysis
approach that minimizes some of the testing detéddolwmay be submitted to the RFCB for
consideration and approvalhe assessmeestablisheshat the spacdlight hardwaremeets all
the criteria for life, strength, andamage tolerance detailed in these subsectionsdé&tagls of
theassessmerare documented in the FCP.

The steps used in a damage tolemassessment of composite or bonbdaiwareby
incorporating theBBAand damage threat mitigation activities aretailed in the sections cited
below

a. The initial three stepssections 7.4.1 through 7.4i83thisNASA Technicabtandard
establish the critical damage states. There is likely an interaction between these three elements
as flaw detection and impact damage protection/detection strategies are developed and
implemented on the flightardware The final RTD is used in the céidation of the flight
hardware Note that there may be credible damage conditions that occur at any point during
service life, including during the mission.

b. Concurrent with these first steps is development ofodeingspectradetermination

(section7.4.4in thisNASA Technicdbtandard that affects the criticality of the remaining
damage determined by the RTD.

APPROVED FOR PUBLIC RELEASE T DISTRIBUTION IS UNLIMITED

780f 119



NASA-STD-5019AwW/CHANGE 3

c. The rext four stepssections 7.4.5 through 7.4i8thisNASA Technicgbtandard
establish the structural response to the damage by dnaalysis and test at increasing levels of
geometric complexity. There is also an interaction between these tests and the determination of
critical damage states needed to develop the RTD.

d. Finally, discrepancies between the anticipated and obsdesttesponssto
damage initiation or growtlare reconciledn accordance witlsection 7.4.9n thisNASA
TechnicalStandard
In practice, there will be iteration between and among these various steps.

BBA as described in this section is a comprehensive apprDastelopes may have alternative
approaches better suited to their hardware. These approaches and their rationale should be
discussed with the RFCB.

7.4.1 Damage Threat Assessment

Develop aDTA according to the following teatisfy requiremerftFCR 13 section7.4.ain this
NASA TechnicalStandard

a. Provide information for residual strength sensitivity to impact damage and
manufacturing flaws based on test data.

b. Define and quantify the flaws from any source that may occur toattsvareduring
its service life.

7.4.2 Impact Damage Mitigation Plan

Develop an IDMPaccording to the following teatisfy requiremertFCR 13 section7.4.bin
thisNASA TechnicalStandard

a. Defing document, and implement impact protection and/or detection strategies that
are used for the flight hardware to diminish targeted dantagats identifiedy the DTA.

b. Prescribevhen and hovimpact protection and/or detectistrategies are to besed
for flight hardware tonitigatecredibledamage or threats

7.4.3 Residual Threat Determination

Develop arRTD according to the following teatisfy requiremer{~FCR 13 section7.4.cin this
NASA TechnicalStandard

a. Define the worstase credible flaw conditions thexeshownto be toleratd by the

hardware throughnalysis and testonsidering alapplicable flaw detection and mitigation
strategies that are implemented for the flight hardware.
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b. Encompass apossible worstase credible damage conditipagcept tle threatghat
aremitigatedby NDE evaluations, the IDMP, aitlkde threats whenask is accepted bthe
programor project

c. Document the damaggtates the prograwor projecthas chosen to excledrom the
design.

TheRTD helpsidentify flaws or damage conditions that are not screened by a combination of
inspection, protection, and detection strategies.

Although inspection techniques meeting th@&@entdetectability level with 9Hercent
corfidence called for in NASSTD5009 for metals are generally not available for compasite
bonded materia, the RTD damage detection levels are to be set to produce a similar level of
reliability as expected from melial fracture critical parts.

For re-flight hardware, the inspections to be performed between flayktso be defined

7.4.4 Loading Spectra

Establishthat all the loads and the number of cycles or duration during the service life of the part
at the appropriate environmeare includedo developgoadingspectrato meetrequirement

[FCR 13 section7.4.din thisNASA TechnicalStandard

Development of the loading spectreludes all the applicable load$isted in section 7.3.ih
thisNASA Technicabtandardandall otherapplicableloadssuch as thoseelatedto

environment effects aomposite or bondeahaterials

7.4.5 Damage Tolerarce Tess of Coupons

Damage toleraoetests on couporere performedvith the applicable environments to generate
a strengthbased and a lifdased database.

Performdamageolerantcoupontestsaccording to the following teatisfy requirement
[FCR13] section7.4.ein thisNASA TechnicalStandard:

a. Perform damagtlerarcetests that represent flighardwarematerials
manufacturing methodand layups.

b. Perform damage toleraatests that contain induced flaws and damage that
encompass the worstise credibldélaw conditions as determined by the RTD.

c. Perfam damage toleraretests that represent the modes of failure expected in the
flight hardware

APPROVED FOR PUBLIC RELEASE T DISTRIBUTION IS UNLIMITED

800f 119



NASA-STD-5019AwW/CHANGE 3

d. Perform tests in a quantity sufficient to define design values for the relevant critical
failure modese.g., residual strength, fatiguesing the Bbasis $atistical techniques as defined
in CMH-17-1G or an equivalent approach approved by the RFCB.

e. Developor use coupon data to establish the sensitivity of residual strength to impact
and manufacturing damage as determined in fh& ID accordance witkection 7.4.1in this
NASA TechnicalStandard

Note that sufficient quantities of data are also necessary for use in computing the Weibull shape
parameters used in determining the LBBE describeih CMH-17-1G.

7.4.6 Damage Tolerarce Tests oHardware Elements

Damage toleraoetests orhardwareelements, subcomponents, and components are
representative of the flight designs amalveinduced RTD determined flaws.

Performdamageolerarce tests ohardwareelemens according to the following teatisfy
requiremenfFCR 13 7.4.fin thisNASA TechnicalStandard:

a. Include both residual strength and {dased testing.
b. Perform tests sufficient in number to guide the design and provide confidence that the
tests performeah accordance witkection 7.4.8in thisNASA TechnicalStandarcencompass

the worsicase credible conditions, locations, and orientations.

Note that spectrum truncation is allowed for structeledel testing (components and fatlale
hardware) with supporting coupon testtd.

7.4.7 Strength and Life Assessments
Assessment of the flight articddould be developed thatdapported by analysis of the coupon
andhardwareelement testing WitRTD determined flaws present at any location and

orientation.

Performstrength andife assessmantsaccording to the following teatisfy requiremerdt-CR 13
section7.4.gin thisNASA TechnicalStandard:

a. Perform analysis testablisithat the Bbasis residual strength afteservice lifetime
is sufficient to support DUL, after which tirardwarewill perform as intended.

b. Establishthat thehardwareperforms as intended after experiencing-baBis number
of spectrum loading service lifetimes followeddryeDLL cycle
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Note that the service life factor in analysis is the fubdis number of livebecause the

additional lives can be assessed without significant additional cost. One can therefore consider
that no LEF is used or equivalently LEF=1.

7.4.8 Damage Tolerarce Tests ofull-Scale FlightLike Hardware

Performdamageolerarce tests ofull-scaleflight-like hardwareaccording to the following to
satisfy requiremerfFCR 13 section7.4.hin thisNASA TechnicalStandard:

a. Induce flaws into tedtardwareas specified by the RTD in the worst credible location
and orientation.

b. Perform NDE on tedtardwarebeforetest to verify that the RTD flaws have been
imposed and to record any flaws in addition to those imposed.

c. Account for the effects of envinmnents and flighbardwarestructural conditions to
simulate performances throughout the specified service lifetfrtests are noperformedn the
operational environment, test levels are adjusted via an ECF.

d. Establishultimate load capability inhe teshardwareafter a minimum ofl service
lifetime loading.

e. Subject the tedtardwareo a minimum o# service lives of spectrum loading with
appropriate LEF necessaryastablishB-basisreliability followed byl DLL cycle.

More than 4lifetimes of testing may be performed to reduce the LEF.
f. Establishthat the teshardwaredoes not experience structural failures and is capable
of performing its design function after both spectrum service life testing and DUL testing
(7.4.8d and7.4.8e abovs.
(1) Determine primarily by assessment
Functional or other tests may also be udddte that item3.4.8a throughf may be
satisfied with one test article or may involve more than one test article as
appropriate. The RFCB should be cahed for further understanding of what is
expected to satisfy item4.8f, e.g., no structural failure or burst, no catastrophic
leakcaused bylaws, no catasophic mechanical malfunctions
(2) Perform NDE as part of this assessment.

7.4.9 Evaluate Flaws or Damagethat Occur during BBA Testing

Evaluateflaws ordamageoccurring during BBA testingccording to the following teatisfy
requiremenfFCR 13] section7.4.iin thisNASA TechnicalStandard:

APPROVED FOR PUBLIC RELEASE T DISTRIBUTION IS UNLIMITED

820f 119



NASA-STD-5019AwW/CHANGE 3

a. Evaluateunexpectedlaws or camagesignificant or unusual flaw growth, and any
new failure modes observed.

b. Address any concermaised by the evaluatidry assessment, test, retest, or redesign
as appropriate.

c. Include RFCB involvement with all assessments and evaluations.
7.5  Optional Approaches for Fracture Critical Parts
[FCR 14]Each fracture critical part that is not of a specific hardware type as described in section
7.2 in thisNASA TechnicalStandardand is approved as appropriate for one of the following

optional approaches by the RFCB shall comply with one of the following items:

a. Singleeventfracturecritical components comply witBection 7.5.1n thisNASA
TechnicalStandard.

b. HCFcomponatscomply withsection 7.5.2n thisNASA TechnicalStandard.

c. Prooftestapproach forromposite obondedhardwarecompieswith section 7.5.3n
thisNASA TechnicalStandard.

d. Fleetleadingtestingapproach compéswith section 7.5.4n thisNASA Technical
Standard.

e. Hazardoudluid containers fopayloads an@xperiments comply with section 7.5rb
thisNASA TechnicalStandard.

[Rationale: Parts that comply with this requiremdatve hadsufficient activitieperformedio
establish dequaterisk mitigation of failure caused byhe presence of a flaw or cratike defect
and are approved by the RFCB.]

Use of an alternative approach requires unique rationale and approval by the RFCB as
described in section 1J0-CR 26 in thisNASATechnicalStandard

7.5.1 Single-Event Fracture Critical Components

Fracturecritical components with a singlevent life loading history, such as pyrotechnic
components, may be shown acceptable by demonstrating a factor of 1.4 on critical stress
intensty factor instead of a factor of 4 on ljfé all of the following conditions apply

For single-eventfracturecritical componentssatisfythe followingitems 7.5.1.a, 7.5.1.b, 7.5.1.c,

and either 7.5.1.d or 7.5.1.e (as appropriate for the materiagitaation)to meetrequirement
[FCR 14 section7.5.ain thisNASA TechnicalStandard
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a. The singleevent loading is a single cycle or a single cycle with rapidly decaying
subsequent cycles.

b. The component is not subject to any other signifitaeands.

c. Theevaluation whether by analysis or testing, and any deviations from the prescribed
approaches in this section are coordinated in advance with and approved by the RFCB.

d. Metallic componentareshown by analysis to satisfy a minimum faatbd.4 on
critical stress intensitfactor.

The margins be computed as:

Margin on Critical Stress Intensifyactor =

wherethe

critical stress intensityactor is usually represented as the plane strain fracture toughness,
Kic, or a parameter such assKwith approval of the RFCB.

e. Both normetallic components and metallic components satisfy the requirements of
this section byisingprocess controlghat ensure the flight hardware will be represented by tests
conducted on identical samples thatablishithe following

Tess maybe used in situations where the applied loads are difficult to determine, the material
properties are uncharacterized, or other factors make the damage tolerance analyses difficult.

(1) Tests nclude a flaw in the worst location and orientation intés articles.
(2) Apply eitherapproach Aor B belowto establisithe components are acceptable

A. Use this approach wheadds are known and can be readily applied to test
articles.

i. The test load iat leastl.4 times the maximum expected flighad.

ii. The flaw size ist least as large as ttetectable sizes
NASA-STD-5009 (RTD forcomposite or bondeldardwareas described
in section 7.4.3n thisNASA TechnicalStandar{l for the inspection
method applied to the flight hardware.

B. Usethis approach wheméds are not well characterizedaredifficult to
apply.
APPROVED FOR PUBLIC RELEASE 1 DISTRIBUTION IS UNLIMITED

840f 119



NASA-STD-5019AwW/CHANGE 3

i. The flaw size is at least twice as large in all dimensionkeadetected
sizes in NASASTD-5009 (twice as large as the RTD tmmposite or
bondedhardware as describedsection 7.4.3n thisNASA Technical
Standardl for the inspection method applied to the flight hardware.

ii. The load applications tosimulate worstase flight conditions.

iii. A sufficient number of articleare testedo ensuréhetest conditions
approachthe maximum flight conditions.

7.5.2 High-Cycle FatigueComponents

Fracturecritical components operating in a potential HCF environment may be shown
acceptable begstablishingho HCF flaw growth. Examples of these are turbine blades, rotors,
impellers, and other higepeed elements that are subject to local modes offfegliency
vibration andlarge numbers of loading cycles.

Satisfythe following for HCF Compioents tameetrequiremenfFCR 14 section7.5.bin this
NASA TechnicalStandard:

a. Use a value for fatiguerackgrowth threshold that has been approved by the RFCB.
b. Assume the initial NDE flaw size in the worst location and orientation.

c. Propagate the flaby analysis or tesfpr 4 times the required design life using the
low-cycle loads

d. Use the final flawsize from thecalculationsor test datan 7.5.2c (above)as the
initial flaw size in calculating the stress intengagtor (metallic components) or total strain
(composite or bondecbmponentsjelatedto the HCFenvironment.

(1) The metallic component is acceptable if the calculated HCF stress infensity
is below the stress intensity factor threshold for the metallic material.

(2) Thecomposite or bondecbmponent is acceptable if the calculatetisection
strain (or stresdy below theno-growth threshold strain (or stregsy the
compositeor bondednaterial with RTD determined flaws.

All items7.5.2a through7.5.2d are typically performed analytically. Iteiss.2b and7.5.2¢
may be perforred by test.

7.5.3 Proof Test Approach for Composite or BondedHardware

Prooftest,as anoptional approach is a category available on a limitagse basis. Use of this
classification should include the RFCB early in the program. The proafltesstification is
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usually limited to payload or secondary structures. These structures should have well defined
load paths, loads, and boundary conditions. The proof test should adequately load all
appropriate members and sections of the stru¢turere recessary both in tension and
compression (load reversaln cases where shear and/or compression domitia@roof test
approachmay not be appropriateecause oflelamination growth under these load conditions.

If proof test does not adequately repte@perational conditions, this may not be an applicable
approach.

Satisfythe following for theproof testapproach forromposite obondedhardwareto meet
requiremenfFCR ] section?7.5.cin thisNASA TechnicalStandard:

a. Proof test the flight article to 1i#mes thdimit load using one of the following:
(1) Conduct the proof test in the appropriate environment
(2) Adjust the test loads using a coupon or hardware element test verified ECF.

b. Perform preproof and posproof NDE, including special visual inspection if
necessary, on the hardware.

c. Repair or replace hardware with indications of flaw growth or initiatia are
discovered during proof test or with pgwbof NDE.

(1) Repeat the proof test to 1mes thdimit load for repaired hardware.

(2) Perform preproof and posproof NDE, as well as special visual inspection if
necessary, on the repaired regions.

d. Define the threats that may cause flaws from any sourcentinabccur to the
hardware during its service life, considering all applicable flaw detection and mitigation
strategies that are implemented for the flight hardware

e. Develop and implement an IDMP for the hardware that assures a complete record of
hardwae impact or damage status and mitigates the riskdétectedlamage from the threats
identified in7.5.3d (above)for the period between peptoof NDE and launch.

f. Establishthat the largest remaining residual threat after-posdf NDE through th
remainder of the service life can create damage no larger than the flaw size screened by NDE.

g. Repeat the proof test, repair, or replace the hardware as describg@athrough
7.5.3c (above)if any incidents of impact or other damage occurrgftstproof NDE and before
launch.

h. Forre-flight hardware, @peat the proof tesipproach activities in items 7.5.3.a
through 7.5.3.g in thiBIASA TechnicalStandardefore the hardware is-flown.
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Proof test loads should be limited to less than 80 percent of ultimate strength of the starcture
the appropriate mode of failure.g., tension, compression, and shear. Structures with an
ultimate safety factor of 1.5 or greater will preclude excee8ihgercent of ultimate strength
when using a test factor of 1/4ote that the full DTA activities of section 7.4hThisNASA
TechnicalStandardare not required. However, test data describing capability relative to
damage or flaws will likely be nesesy to assist with disposition of any flaws discovered during
pre-proof NDE. Test data for capability relative to damage or flaws may also be necessary to
develop NDE criteria for reportable flaw$he relevant capability is dependent on the failure
modeof concern, e.g., compressiafter-impact strength, delamination growth, or othroof

tests are usuallperformedn the operational environment, or the test levels are adjusted via an
ECF.

The compositer bonded structure should be designed so @élitabmpanying metallic parts do
not experience detrimental yielding during the proof test.

7.5.4 Fleet Leader Testing

Satisfythe following forfleetleadertesting tomeetrequiremenfFCR H] section7.5.din this
NASA TechnicalStandard:

a. Provide the approach and rationale to the RFCB for appb&fateimplementation.
b. Document the approved approach in the FCP.

In cases whertading conditions are poorly defined, a ground test fleet leader program
allows use of thdhardwaremaybe feasible

7.5.5 Hazardous Fluid Containers for Payloads and Experiments
Thehazardoudluid containers category is limited to payload and experiment applications at
conditions defined in requirements below. This hardware type is not papregsurized system

nor is it intended to transfer stored fluid as part of a pressurized system.

Satisfythe following forhazardous fluid containers for payloads and experintemeet
requiremenfFCR 14 section7.5.ein thisNASA TechnicalStandard:

a. The container is limited tondVIDP of 12 kPa (22 psi, 1.5 atm) and a maximum
volume 0f0.05 n? (1.76 f).

b. An analysids to show a positive margin against burst when a factor of 2.5 on MDP is
used.

c. Performproof testto 1.5 MDP.

d. Establishthat no damage or detrimental deformation exfter the proof test.
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e. Establishdamage t@rance against rupture aledk by satisfying sectior&and 9n
this NASA TechnicalStandardor all materialssection 7.3n thisNASA TechnicalStandardor
metallic parts, section 714 thisNASA TechnicalStandardor composite or bondepiarts, and
by test or analysis as approved by the RFCB for other materials

f. In addition to section 8 requiremeimsthis NASA TechnicalStandardperform a
NDE inspection of all fusion joints in the container after proof test to determine acceptable
conditions both on the surface and within the fusion joint.

g. Perform a leak test to 1tbnes theMDP.

In instances where NDE is not feasible, the manufacmeremploy a processontrol
program that assures the quality of the uninspectable welds and obtain approval of the RFCB.

Proof tests are usuallyerformedn the operational environment, or the test levels are adjusted
via an ECF.

Inertial load effectsificluding attach points) may necessitate additional assessments beyond the
items in this category.

8. FLAW SCREENING, TRAC EABILITY, AND MATERI AL
SELECTION

[FCR 15]All fracture criticalpartsshall be screened for flaws with methods and techniques
identified in the FCP.

[Rationale: An understanding of tlikeaws or damageéypes to be screened and the methods to be
used is necessary to assure adequate fracture control implementation.]

NDE is the primary method used for screening fleavdracture critical parts. Proof test of the
flight article may be used to screen for flaws in special cases, especially for glass elements.
Visual inspection isn NDE method that isequently used for inspecting compositdoonded
partsfor damage, in addition totherNDE methodsVisual inspection is also used for
inspecting optical elements for flaws, often in addition to proof testirgprivecases, process
control may be allowed as a method for establishing an upper bound onAkstisat may be
present in thgart.

8.1  Flaw Screening
8.1.1 NDE for Metallic Parts

[FCR 16]Metallic fracture criticapartsscreened with NDE shall have inspections performed in
accordance with NASATD-5009and include the following for flaw screening NYDE:
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a. Apply sufficient flaw inspection methods to the flight hardware to screen flangsr
thanor equal tahe size and shape that are evaluated in the hardware damage tolerance
assessment.

b. In addition to NDE for flaw screening of other regiarigracture critical parts,
perform postproof test NDE at critical welds and other critical locations identified in the FCP
for all partsthatareproof tested as a part of acceptanee, criticalhardwardocations not
screened for specific flaws withe proof test

[Rationale: This citetNASA-STD-5009and reduces the potential for redundant or conflicting
requirements.]

It is expected that fracture critical parts have surface and volumetric inspections unless there is
rationale that it is nohecessary. The need for internal (volumetric) inspection depends on
application and materials characteristics such as thicknessjuymt form, and other factors.

Internal inspection requirements and methods should be determined early in the design process
so that proper flaw screening is accomplished.

According to NASATD5009, the flaw sizes and shapes that are evaluated in the hardware
damage tolerance assessment are based qreBtent probability of detection wifb-percent
confidence (90/96r better) flaw detection capability.

If one NDE method cannot adequately examine a part, additional NDE methods may be needed.
If there are multiple types of flaws or complex geometry to assess, additional NDE may be
needed. If there is uncertair@poutwhich NDE methods or results for a particular part are to

be used to define flaws for the damage tolerance assessment, conservative choices are to be
made

NDE activities and damage tolerance assessment activities should be coordinated to assure flaw
screefng occurs in the way inbeled.

8.1.2 NDE for Compositeor BondedParts
NDE activitiesfor composite or bondeahaterials requirements apply to fracture critical and
NFC parts.Because athe potential sensitivity to impact dage and flaws fothesetypes of
materials additional activities are necessaigyr NFC partsin accordance withFCR 9] 6.3cin
thisNASA Technicabtandard
[FCR 17]Forcomposite or bondechaterials the hardwaredeveloper shall

a. Providethe NDE methodology and ratioeah the FCP

b. Performflaw screening by NDBn all composite or bonded part regipescept for
the following
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(1) No NDE is required for NFC loweleased mass parts.
(2) No NDE is required for NFC contained parts.

c. For hardware that is protésted as part of acceptance, performgroofandpost
proof test NDE at criticgbints, discontinuitiesand other critical locations identified in the FCP
for all hardwarei.e., criticalhardwardocations not screened for specific flaws with pineof
test.

[Rationale: There are no NDE standards available that are applicable to the wide variety of
non-metallic materials and forms in use and the different NDE methods required for their
inspection.The approach for NDE of other materials needseéabcumented arfdlly
explainedwithin the FCP.]

Inspection of compositr bondedparts is to meet the intent of MHDBK-687Q
Nondestructive Inspection Program Requirements for Aircraft and Missile Materials and Parts
as required in NASATD6016

Hardware should receive peptoof NDE unless a special RFCB approval has been granted.

Generaly, the NDEapproachand rationalefor all materialsshould address which indications
rise to the level of a reportable flawor signatbased methods, such as ultrasonic inspections,
NDE acceptance criteria are usually necessargiscern whether the signal responses warrant
nonconformance reportind\ll damage indicatiosfrom visual inspection are reportable.
Workmanship statards for visual inspection should define acceptance criteria, e.g., porosity,
surface texture, geometric contouRDE acceptance criteria may be developed by analysis with
supporting coupon test data for the appropriate material tiAper approval shold be

obtained from the RFCB when visual inspection is used as astiesening technique for
fracture control.Screening o& low-risk part with NDE should be considered when it is
plausible for thapart to be reclassified aa fracture critical part. A part may need to be
reclassified when is plausible for thapart to be accepted for flight with cot-tolerance
dimensions or nonstandard material properties.

8.1.3 Proof Test

[FCR 18]If proof testing is used as the flaw screening techniquiedoture critical partsthe
approactshall be documented in the FCP with ratiores&ablishinghat it is an applicable
approach that has been approved by the RFCB.

[Rationale: Proof test may be used for flaw screening. However, few parts, matereals, an
applications lend themselves to a simple proof test strategy. Environmental effects, temperature,
test fixture, inertial loads, and other complexities require careful consideration before accepting
proof as the sole method for flaw screening. If prosif ieused for flaw screening, an

understanding of the planned approach and anticipated effectiveness needppodyed by

the RFCB andlocumented in the FCP.]
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Proof test should not be used as timey flaw screening method for composite or bonded
hardware.

The flaw size used in the life assessment should adequately account for flaw growth during the
proof test.To establish thathe assessment is valid, sufficient test data should be obtained using
pre-flawed specimens that are representativehefggart configuration, materiaonditions, and
screened flavand show the amount of growth of all crack fronts during the proof test from all
sources, including stable tearing, ahdthEACand SLGf applicable, haebeen conservatively
bounded.

When itis judged that a proof test is appropriate to screandwarefor flaws, the proof test
should occur at the #service temperature and environment. If this is not feasible, an ECF can
be used as approved by the RFCBperboundcritical stress intensityr residual strength
should be used when establishing an analyyjqadedicted flaw sizecreenedy proof test.

Note that a proof test is required for acceptaircaccordance wittNASASTD5001 (or
programspecific requirements), with a minimum proedttfactor depending upon whether a
prototype or proteflight verification approach is followed and the type of matessdd

8.1.4 Process Control

[FCR 19]If process controlare usedo establish bounds on flaw sizedtacture criticalparts,
theapproactshall besubject to the following:

a. The approach isatumenedin the FCP
b. The rationaleestablishinghatthe approachs applicablas documented in the FCP
c. TheFCPis approwedby the RFCB.

[Rationale:Use ofprocess control information tefine flaws or dmagethat could be irthe
partis anunusual approachAn understanding of the approach and supporting informatiesd
to beapproved by the RFCB amtbcumented in the FCP.]

Process control rationale to bound flaw sizes submitted f@BR&pproval should include
documentation why thisapproach is being applied, an overview of kfa@édware and

evaluationthat the approach is adequate for fracture contBscriptiors of the relevant
manufacturer s exper i éengmanufadctar@nepectignresutisnd s contr
subsequent life of the component, all component testing, and summary argghoatdde

included

8.1.5 Detected Flaws
[FCR 20]Spacéight hardware with detected flaws that is used for flight without begpgired

or replaced shall have a specific detailed assessment approach documented with rationale in the
FCP that contains the following:
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a. An assessment approach of metallic parts by analysis is to include the following items
in addition to the items igection 7.3.2n thisNASA TechnicalStandard

(1) Upper bound flaw size

(2) Upper bound crack growth rate

(3) Lower bound critical stress intensity factor or residual strength

(4) Lower bound cyclic fatigue crack growth threshold stress interesiiye DKih).

b. An assessment approach émmposite or bondeparts with detected flaws is to
include the following items

(1) The approach and rationgleovidedto the RFCB for approvdlefore
implementation.

(2) Documenation ofthe approved approach in the FCP.

[Rationale: An understanding of the approach anethodologyo accept detected flawahich
accouns for variability in the assessmelig, necessary to assure adequate fracture control
implementation.]

For reportable @tected flaws in composite bonded parts, a similar worstase analysis
approach to that used for metal parts may not be available. Any proposed analysis approach is
to be test verified with a similar damage configuration and approved by the RFCB.

Notethat the detailed assessment approach may be by damage tolerance test if approved by the
RFCB.

The normal fracture control process is carried out with the assumption thpatheontains a

flaw in the worstcase location and orientation. The assessrmétiie assumed flaw includes
typical fracture properties and an assumed flaw ditmvever, when flaws are detedin a part
that is planned for use in fligh&tn assessment is performed using bounding flaw sizes, material
properties, loads, and boundacpnditions

Fracture critical parts withreportable NDE indicationare to be assessed by a process
approved by the Technical Authority to determine whether the indication is a flaw.

Fracture critical parts with detected flaws are todmsessed with aapproach that satisfies
[FCR2(Q and then evaluated by the Technical Authority to determine whether the part is
acceptable to use as is or if the part is to be repaired or replaced. If the part is to be repaired,
the repair process is to be an establisheaven process that has been approved for this
purpose by the Technical Authority.

Pressurevessels and COPVs should notflesvn withdetectedlaws e.g., see sectisrY.2.1 and
7.2.2in thisNASA Technicabtandard If an exception is sought, it is to satisfy sectiomlibis
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NASA Technicabtandardas an alternative approach that is deviating from these established
procedures and needs approval by the Technical Authority and the RFCB.

The RFCB should be notified the intent to fly the flawed part when it is not feasible to repair
or replace the part.

8.2  Traceability for Fracture Control

Traceability requirements are typically associatady with fracture critical partsexcept in the
case of NF@@ompositeor bonded partsBecause athe nature of these types of materjals
additional activities are necessaiyr NFC partsin accordance witfiFCR 9] section6.3d in
thisNASA Technicgbtandard

[FCR 21]Traceability for each fracture criticahd NFCcomposite or bondeplart shall be
established anohaintained by providing a unique serial number (or other method when
serialization is not practical) and a complete life historgluding load history, impact damage,
repair, materials, manufacturing, pessing, and environmental exposure.

[Rationale: Traceabilityis necessary to assure the information used to afis@ssr damage
sensitivity, screening, and protection is understood and accurate throughout the service life of
thehardware]

Traceability for NFC compositer bondedparts is somewhat unique relative to metallic parts.
While metallic parts usually have a specification for providing minimum properties throughout
the part, compositand bondegarts are composed of elements that may hawefgdions, but
the properties after combination of these elements are often uniquep@rtibeing produced.
These considerations lead to the need for traceability of fracture critical parts and NFC
composite or bondegiarts asalsorequired in sectiors.3in thisNASA Technicabtandard

8.3  Material Selection and Usage for Fracture Critical Parts
Material selection and usage requirements are typically associated with fracture critical parts
except in the case of NFE@mpositeor bonded partsBecawse ofthe nature of these types of
materials additional activities are necessaigyr NFCin accordance witiFCR 9] 6.3f in this
NASA Technicgbtandard
[FCR 22]The selection, processing, and use of materialalféracture criticaland NFC
composite or bondeplars shall include the following itemsvhich are documented direcily
the FCSR or the items have pertindatumentseferencedn the FCSR

a. Fabricate parts from materials with supplier dagdifications.

b. Select materialsompatible with NASAapprovedStandards an&pecifications.

c. Account for the effect of operating conditions on damage tolerance properties.
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Examples of conditions that may affect damage tolerance properties are temperature, operating
environmentatmosphere, corrosive medj&)eaning and/or inspection agents, coatings, proof

test fluids, loading spectra, time, temperature, and other environmental exposures and
conditions.

d. Design and assess wiltrengthand damage tolerance properties thagererated
by tests on samplespresentativef theflight hardwarematerial subject to either item (Dy (2)
below:

(1) Material isprocessed to the same thicknesaterial process condition, and
material orientatin in the parthatresult intheworst combinatiorfor damage
tolerant assessment.

(2) Thematerialprocess condition aritie material orientatiomrefully traceable
throughoutabricationand service life.

Examples of activities that may affect a metati@terial process condition include: mill billet

hot processesuch as forging, rolling, orther highdeformation processemetallurgical

product operationgncluding heat treatmentshaping operationsuch as rolling, spinning, or
drawing fabrication joining processesuch as weldirngand any other operations known to
affect the material microstructure, strength, fracture, crack growth, or environment sensitivity
properties.

e. Derived $rength and damage tolerance daltéained frorNASA-approvedsources
If data are lacking, data are conservatively boummei@termined by sufficient testing to assess
scatter to provide averages with testing approved by the RFCB.

f. Obtain an approved MUA for any materials not developed and qualified in
accordane with the requirements of NASBTD-6016.

g. Include # MUAs in theFCSR.
[Rationale: The specific items related to materials selection and usage are necessary to assure

the information used to assdtsn or damagesensitivity is understood and agate throughout
the service life of theardware]

0. FRACTURE CONTROL DOC UMENTATION AND VERIFICATION
9.1 Fracture Control Documentation

9.1.1 Fracture Control Plan

The FP developed in compliance [0fCR 1] in section 4.1n thisNASA Technicabtandards
part of the documentation.
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9.1.2 Engineering Drawings

[FCR 23]Fracture critical parts shall be identified on engineering drawings in the notes of the
individual part drawingalong with the inspection, serialization, and other pertinentrimdgton
necessary to maintain traceability of the part and its history of manufacturing and use.
[Rationale: Identification of fracture critical parts on engineering drawings is necessary to
assurethatthe appropriate NDE, serialization, and traceabilitgeds are recognized and
implemented.]

The type of NDEand NDE acceptance criterghouldbe specified

Detected flaws are assessadiccordance witlsection8.1.5in thisNASA Technicabtandard
Processing or fabrication requirements that woultketf fracture properties of a fracture critical
part in a given application, such as heat treatments, welding requireraeuts
peaking/mismatch allowables, grain or fiber direction, and other critical parameters, should be
specifically called out on theapt drawing.

Composite or bonded material epoxies and adhesives should have their shelf life requirements
included as part of the engineering drawing notes.

9.1.3 Fracture Control Summary Report
[FCR 24]An FCSR shall be developed by the spacefllgitiware program or project that:

a. Documentghe basis for acceptance tladltthe flight hardwarg@artshavemet the
fracture control requaments in the approved FCP

b. Contains detailed information or reference to detailed information for all parts
including results for evaluations, classification, assessments, inspections and other pertinent
records, and their disposition for fracture

c. Documents all assessments, such as analyses and tests, conduepedsamtative
flight hardware used fotight certification

d. Identifiesthe flawsand impact damage thredlst are accepted on risk by the
program authority, i.e., the flavesxd impact damagé@reatsfor which there is no damage
tolerarceevaluation

e. Is approved byhe RFCB
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[Rationale: The FCSR contains the information or summarizepaimds to the detailed reports
necessary to show fracture control compliance opaits to the requirements in the approved
FCP.]

The FCSR may point to other project documentationithavailable for review by the RFCB
that contains fracture control data relevant to the completion of the FCSR as necessary to avoid
duplication of efforts.

The flaws identified i8.1.3d (above)may vary from program to program. Examples may
include flavs, such as those caused by lightning strikes, system failures, handling mishaps,
MMOD impacts, bird impacts, etc.

9.13.1 Detailed Information for the FCSR

a. The FCSPhrovides sufficient information to certify that fracture control requirements
have been mdty assessment results available in detailed damage t@eemsessment reports
of analyses and testinghe FCSR summarizes the results and damage toleeaervice life,
loadings, flaw screening methods, initial flaw sizes used in the assessment, material
characteristics, flaw sizes at the end of lifetime, predicted lifetime, and analysis methods used in
the assessment.

b. The FCSR providesufficienthardwaredescriptiors, including sketches and figures
to convey a clear understanding of therdwareelements and their functions.

c. Supporting detailed documentation, such as drawings, calculations, analyses, testing
details, test results, data printouts, inspection plarcords, DTA, IDMP, RTD, specifications,
certifications, MUAS, reports, procedures, and all other items that establish the fracture control
suitability of the flighthardware is to be provided to the RFCB under separate cover, upon
request.

d. The FCR gives an accounting of all parts and their disposition for fracture control
as follows:

(1) Identifiesexempt parts, groups of exempt parts, and types of exempt parts
(2) Lists NFC parts along with their classification and supporting rationale.

(3) Listsfracture critical partswith a summary ahe basis for their damage
tolerance

e. The FCSRdentifiesthe following forall NFC partsrequiring NDE includingfail -
safe parts, containment enclosures, NHLBB itemsyriskvparts,NFC composit@r bonded

hardwareassesseth accordance witlsection 6.3.1n thisNASA Technicabtandard and
fracture critical parts:
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(1) NDE and other inspections carried out on gaets
(2) MUAs.

f. The FCSRdentifies inspectionand other requirements imposed reflight
hardwarebeforere-flight.

g. The FCSRricludes results from implementation of approved alternative approaches
used in accordance witection 10in thisNASA Technicabtandard

9.13.2 Other Documentation

Other documentation supporting fracture control may be called for in the program data
requirementsA summary of any parts with known flaws that were accepted for flight by the
Technical Authority and any accompanyRgCB review documentation should beimained

by the program/project configuration data management organization. This includes any
discrepancies or deviations from design that affect fracture control, e.g., any flaw detection
information with resolution data.

9.2  Verification

[FCR 25]Verification of adherencef the flighthardwareo the fracture control requirements in
this NASA TechnicalStandardshall include all of the following:

a. Written documentation thatstablisheshat each requirement has been met. This
documentatiomlescribes how the requirement was verified. test,analysis inspection The
project is responsible for providing this verificatiogmcludingassurancéhat fracture control
activities were implemented on the flight hardware before flight and reftmthe appropriate
program management.

b. Approvalof the FCP ad FCSR by the RFCRlocumentedby a concurrence
memorandum from the RFCB to the applicable project/program office.

c. Inthe event of conflict between the RFCB and the applicable pfjexs
concerning verification of compliance with fracture control requiremésiteyv the procedures
in place at each NASA Center to resolve technical conflict, with the option to appeal to the
NASA Chief Engineer for final resolution.

[Rationale: All requirements need to be verified. The verification istteduationand
documentation that all requirements have been met. There are many methods of verification,
e.g.,analysis, test, inspection, eashwhichshouldbe documered]

The project igesponsible to the appropriate program for the {imeline review of the
verification requirements. The RFCB is responsible for a review of the methodology of the

compliance to and verification of the requirements. These are documented in the FCP and
FCSR respectively.
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Commotty, the project writes projeespecific requirements that are traceable thigherlevel
standard. This requirements set includes a verification section. In this section, there is a
verification requirement for every requirementire projectspecific requirements. This
requirement documents how the verification will be done.

TheRFCBIis to receivedhe FCP and FCSk accordance witlmequirements in thisIASA
TechnicalStandard but as described abovéie RFCBs not the entityhat performs the
requirementby-requirement review.

10. ALTERNATIVES

[FCR 26] If alternativeapproaches are proposg@dther tharmeeting any part of the accegte
approaches that are prescribed in sectiois | or 8 in thisNASA TechnicalStandardwith the
exclusions shown belgywthe alternativeapproach shalhclude all of the following items

a. Provide an equivalent assurammemitigating the risk of catastrophic failure from
flaws during the service life of the hardware

b. Have theapproval of the RFCB
c. Meetall the othempplicablerequirements ithis NASA TechnicalStandard

d. FCRs10, 15, 20, 21and22 (sections 7.1, 8, 88, 8.2, and 8.3espectivelyin this
NASA TechnicalStandaryl are excluded from atnative apprach consideration.

Note that FCR 26 pertains to sections 5, 6, 7, and 8 tméyefore FCRs 1, 2, 3, 4, 5, 23, 24,
and 25 are also excluded from alternative approach consideration.

[Rationale: Regardless of the detailed acceptance approach useddbpart, the method it
be responsive to NASA NPR directit@mitigate the risk of catastrophic failurelated toflaws
during the service life of tHeardware If an alternative approaclis proposedits effectiveness
to beestablishedind theapproach documented in the approveddwarespecificFCP in
accordance withFCR 1] in sectiord.1in thisNASA Technicgbtandard

This document contains acceptable methods for
base establishedpproachesindustry standardsor aerospace standardbat satisfy the

fracture control requirementsherefore, it is advisable to use the methods prescribédsn

NASA Technicabtandard

Alternatives to the approaches prescribedhis NASA Technicgbtandardn sections 56,7, or
8 may be proposed f@ specializedpart or applicationfor whichthe approaches ithis NASA
TechnicalStandardare not feasible or effective @wr whichother viable methods are
advantageoudAlternativeapproaches, aceopanied by supporting rationatbat establishes
thatthe alternative has comparable rigor to the approachahisNASA Technicabtandard
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are presented to the RFCB for review and appro&pprovedalternativeapproaches are to be
documented in thepecialized=CP for thepartsin accordance witiFCR 1] in section 4L in
thisNASA Technicabtandard
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APPENDIX A

REQUIREMENTS COMPLIANCE MATRIX
A.1 Purposeand/or Scope

The purpose of this appendix is to provide guidance in the form of an easyddisk of the

fracture control requirements in this NASA Technical Standaldting of requirementss

provided for selection and verification of requirements by programs and projats: Enter

A Y ete describe h e r e q wpplicabititg to thedpsogram or project; orentérNo 0 i f t he
intent is to tailor, and enter how tailoring isto be appliech t he A Rat) onal ed col

A.2 Requirements Compliance Matrix Tables

Table 2, General Requirements, contains the general requirements for an FCP, the responsible
parties for fracture control, and the fracture control classification of all parts. Tdbter8pt

contains the requirements for the exempt classification. BaiN€&C Requirements, contains the
requirements for the neinacture critical classification. Table Bracture Critical Requirements
contains the requirements for the fracture critical classification. Tablaw,Screening,

Evaluation, and Materials Rairementscontains the flaw screening, evaluation, traceability,

and material selection requirements. TablBadcumentatiorandVerification, contains the
requirements for documentation and verification. Table 8, Alternate Approach Requirement,
presentshe requirement for alternate approaches.
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Table 20 General Requirements

NASA-STD-5019A

Description

Section

Requirementin this Standard

Applicable
(Yes or No)

If No, Enter
Rationale

Overarching
fracture control
requirement

4.1

[FCR 1] A Fracture Control Plan shall k
developed and maintained by the
program for humamated spaceflight
hardwarehatsatisfiesall of the
following:

a. Addresses all of the parts in the
programspecific flight hardware.

b. Meets the requirements tfis
NASA TechnicalStandard

c. Specifiedracture controls that
areestablishedo mitigate the risk of
catastrophic failureaused bylaws
throughout the service life of the
hardware

d. Has approval by the RFCB.

NASA' s
implementation of
fracturecontrol

on humarnrated
spaceflight

42.1

[FCR 2] The NASA Center responsible
for the humarrated spaceflight hardwar
shall establish and designate a NASA
RFCB to ensure compliance with the

technical requirements of this docume,

hardware

4.2.2

[FCR 3] Humanrated spaceflight
programs shall impose fracture control
on their projects to meet the
requirements of this NASA Technical
Standard.

4.2.3

[FCR 4] Fracture control implementatig
shall be performed with the oversight,
advice, and approval ofi¢ RFCB.

Evaluation of all
parts

4.3

[FCR 5] All parts used in humanated
spaceflight hardware shall be evaluate
to identify the following:

a. The fracture control classificatio
of each part as either exempt, NFC, or
fracture critical.

b. The correspondingpproaches
that follow the requirements of this
NASA Technical Standard to be
documented in the FCP.
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Table 30 Exempt

NASA-STD-5019A

Description

Section

Requirementin this Standard

Applicable
(Yes or No)

If No, Enter
Rationale

Exempt
Classification

5

[FCR 6] Each part classifieds
exempt shall fit into one of the
following categories:

a. Non-structural parts with no
credible failure modeaused by
flaw.

b. Nonstructural parts with no
credible potential for causing a
catastrophic hazard

c. Other nonstructural parts
approved by the RFCB for exempt
status
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Table 40 NFC Requirements

NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale
Non-Fracture 6.1 [FCR 7] To be classified as NFC,
Critical each part that is described by a
Classification specific hardware type in the

following list shall comply with the
established approach given in the
referenced subsection:

a. NFC metallic fasteners, rivets
shear pins, and locking devge
comply with section 6.1.1 in this
NASA Technical Standard.

b. NFC shatterable components
and structures comply with section
6.1.2 in this NASA Technical
Standard.

c. NFC rotating hardware
complies with section 6.1.3 in this
NASA Technical Standard.

d. NFC sealed containers compl
with section 6.1.4 in this NASA
Technical Standard.

e. NFC tools, mechanisms, and
tethers comply with section 6.1.5 in
this NASA Technical Standard.

f. NFC batteries comply with
section 6.1.6 in this NASA Technici
Standard.

6.2 [FCR 8] Each part classified as NF(
that is not of a specific hardware tyj
as described in section 6.1 in this
NASA Technical Standard shall
comply with one of the following
items:

a. NFC lowreleased mass
complies with section 6.2.1 in this
NASA Technical Standard.

b. NFC contained complies with
section 6.2.2 in this NASA Technicg
Standard.

c. NFC fail-safe complies with
section 6.2.3 in this NASA Technicg
Standard.
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

d. NFC NHLBB pressurized
components comply with section
6.2.4 in this NASA Technal
Standard.

e. NFC lowrisk part complies
with section 6.2.5 in this NASA
Technical Standard.

f. NFC documented nen
hazardous failure mode complies
with section 6.2.6 in this NASA
Technical Standard.

6.3 [FCR 9] NFCcomposite or bonded
parts thasatisfy requirements for
classification in a specific category
sections 6.1 and 6.2 in this NASA
Technical Standard shall also comg
with all of the following items:
a. For parts classified as NFC
low risk, developthe following:
(1) A DTA in accordace with
section 7.4.1 in this NASA
Technical Standard.
(2) An IDMP in accordance
with section 7.4.2 in this
NASA Technical Standard.
(3) An RTD in accordance
with section 7.4.3 in this
NASA Technical Standard.
b. For NFC parts not classified &
low risk, perform the following:
(1) Define and quantify the
flaws from any source thal
may occur to the hardwarg
during its service life,
considering all applicable
flaw detection and
mitigation strategies that
are impemented for the
flight hardware.
(2) Develop anDMP in
accordance witlection
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

7.4.20f this NASA
Technical Standard.
c. Perform NDEaftercompletion
of all manufacturing processes
(or after proof test, if a proof test
is performed)n accordancevith
section 8.1.2n this NASA
Technical Standardvith the
following clarifications:
(1) No NDE is required for NH
low-releasednass parts
(2) No NDE is required for NH
contained parts
d. Meet the traceability
requirement of section 8.2 in this
NASA Technical Standard [FCR 21
e. Meet the material selection
and usage requirement of section §
in this NASA Technical Standard
[FCR 22].
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Table 58 Fracture Critical Requirements

NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale
Fracture 7.1 [FCR 10] Parts shall be classified as
Critical fracture critical unless one of the
Classification following is met:

a. There is no credible possibility
for a flaw in the part to cause failure
during the lifetime of the part.

b. Part failure does not result in a
credible catastrophic hazard.

7.2 [FCR 11] Each fracture critical part
that is described by a specific
hardware type in the following list
shall comply with the established
approactgiven in one of the
following items:

a. Fracture critical metallic
pressure vessels comply with sectio
7.2.1 of this NASA Technical
Standard.

b. Fracture critical composite
overwrapped pressure vessels
(COPVs) and composite overwrappg
pressurized fluid @ntainers comply
with section 7.2.2 in this NASA
Technical Standard.

c. Other fracture critical pressure
vessels and pressurized fluid
containers comply with section 7.2.3
in this NASA Technical Standard.

d. Fracture critical lines, fittings,
and other presurized components
comply with section 7.2.4 in this
NASA Technical Standard.

e. Fracture critical habitable
structures and volumes comply with
section 7.2.5 in this NASA Technica
Standard.

f. Fracture critical pressurized
structures comply with sectioh2.6
in this NASA Technical Standard.
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

g. Fracture critical rotating
hardware complies with section 7.2.
in this NASA Technical Standard.

h. Fracture critical fasteners
comply with section 7.2.8 in this
NASA Technical Standard.

I. Fracture criticakhatterable
components and structures comply
with section 7.2.9 in this NASA
Technical Standard.

J. Fracture criticatools
mechanisms, and tethexsmply with
section 7.2.10 in this NASA Technic
Standard.

k. Fracture critical batteries comp
with secton 7.2.11 in this NASA
Technical Standard.

7.3 [FCR 12] Each fracture critical
metallic part that is not of a specific
hardware type as described in sectig
7.2 in this NASA Technical Standarg
and is not approved by the RFCB ag
appropriate for an omginal approach
as described in section 7.5 in this
NASA Technical Standard shall
comply with one of the following iten
combinations: a and b; a and c; or a
and c.

a. Develop loading spectra by
complying with section 7.3.1
in this NASA Technical
Standard.

b. Perform assessment by
analysis to comply with
section 7.3.2 in this NASA
Technical Standard.

c. Perform assessment by test t
comply with section 7.3.3 in
this NASA Technical
Standard.

74 [FCR 13] Each fracture critical
composite or bonded part that is not
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

a specific hardware type as describg
in section 7.2 in this NASA Technics
Standard and is not approved by the
RFCB as appropriate for an optiona
approach as described in sectionim.}
this NASA Technical Standard shall
comply with all of the following
items:

a. Develop a DTA by complying
with section 7.4.1n this NASA
Technical Standard.

b. Develop an IDMP by complying
with section 7.4.2 in this NASA
Technical Standard.

c. Developan RTD by complying
with section 7.4.3 in this NASA
Technical Standard.

d. Develop loading spectra by
complying with section 7.4.4 in this
NASA Technical Standard.

e. Perform damage tolerance test
on coupons by complying with sectiq
7.4.5 in this NASA Echnical
Standard.

f. Perform damage tolerance test
of hardware elements by complying
with section 7.4.6 in this NASA
Technical Standard.

g. Perform strength and life
assessments by complying with
section 7.4.7 in this NASA Technica
Standard.

h. Performdamage tolerance tests
of full-scale flightlike hardware by
complying with section 7.4.8 in this
NASA Technical Standard.

i. Evaluate anomalies discovered
during any portion of the BBA by
complying with section 7.4.9 in this
NASA Technical Standard.

7.5 [FCR 14] Each fracture critical part
that is not of a specific hardware typ
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

as described in section 7.2 in this
NASA Technical Standard and is
approved as appropriate for one of t
following optional approaches by the
RFCB shall comply with one of the
following items:

a. Singleevent fracture critical
components comply with section 7.5
in this NASA Technical Standard.

b. HCF components comply with
section 7.5.2 in this NASA Technica
Standard.

c. Proof test approach for
composite or bonded hardware
complieswith section 7.5.3 in this
NASA Technical Standard.

d. Fleet leading testing approach
complies with section 7.5.4 in this
NASA Technical Standard.

e. Hazardous fluid containers for
payloads and experiments comply
with section 7.5.5 in this NASA
Technical Standar
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Table 60 Flaw Screening, Evaluation, and Materials Requirements

NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale
Flaw 8 [FCR 15] All fracture critical parts
screening and shall be screened for flaws with
evaluation, methods and techniques identified ir
traceability, the FCP.
and material 8.1.1 | [FCR 16] Metallic fracture critical
requirements parts screened with NDE shatve
for fracture inspections performed in accordancs
critical parts with NASA-STD-5009 and include
and other the following for flaw screening by
applicable NDE:
components a. Apply sufficient flaw inspection

methods to the flight hardware to
screen flaws larger than or equal to
the size and shape that are evaldiate
in the hardware damage tolerance
assessment.

b. In addition to NDE for flaw
screening of other regions of fracturt
critical parts, perform posgiroof test
NDE at critical welds and other
critical locations identified in the FCF
for all parts that are pod tested as a
part of acceptance, i.e., critical
hardware locations not screened for
specific flaws with the proof test.

8.1.2 | [FCR 17] For composite or bonded
materials, the hardware developer
shall:

a. Provide the NDE methodology
and rationale ithe FCP.

b. Perform flaw screening by NDE
on all composite or bonded part
regions, except for the following:

(1) No NDE is required for NF(
low-released mass parts.
(2) No NDE is required for NF(
contained parts.

c. For hardware that is proof teste
aspart of acceptance, perform pre
proof and posproof test NDE at
critical joints, discontinuities, and
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

other critical locations identified in
the FCP for all hardware, i.e., critica
hardware locations not screened for
specific flaws with the proof test.

8.1.3 | [FCR 18] If proof testing is used as
the flaw screening technique for
fracture critical parts, the approach
shall be documented in the FCP witl
rationale establishing that it is an
applicable approach that has been
approved by the RFCB.

8.1.4 | [FCR 19] If process controls are use
to establish bounds on flaw sizes in
fracture critical parts, the approach
shall be subject to the following:

a. The approach is documented
the FCP.

b. The rationale establishing tha
the approach is applicable is
documated in the FCP.

c. The FCP is approved by the
RFCB.

8.1.5 | [FCR 20] Spaceflight hardware with
detected flaws that is used for flight
without being repaired or replaced
shall have a specific detailed
assessment approach documented
with rationale in the FCEhat contains
the following:

a. An assessment approach of
metallic parts by analysis is to inclug
the following items in addition to the
items in section 7.3.2 in this NASA
Technical Standard:

(1) Upper bound flaw size.

(2) Upper bound crack growth

rate.

(3) Lower bound critical stress
intensity factor or residual
strength.
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NASA-STD-5019A

Description

Section Requirementin this Standard

Applicable
(Yes or No)

If No, Enter
Rationale

(4) Lower bound cyclic fatigue
crack growth threshold streg
I ntensi tyg). rarf

b. An assessment approach for
composite or bonded parts with
detected flaws is to include the
following items:

(1) The approach and rationale
provided to the RFCB for
approval before
implementation.

(2) Documentation of the
approved approach in the
FCP.

8.2 [FCR 21] Traceability for each
fracture critical and NFC composite
bonded part shalle established and
maintained by providing a unique
serial number (or other method whe
serialization is not practical) and a
complete life history, including load
history, impact damage, repair,
materials, manufacturing, processin
and environmental exgare.

8.3 [FCR 22] The selection, processing,
and use of materials for all fracture
critical and NFC composite or bonde
parts shall include the following
items, which are documented directl
in the FCSR or the items have
pertinent documents referendedhe
FCSR:

a. Fabricate parts from materials
with supplier data certifications.

b. Select materials compatible wit
NASA-approved Standards and
Specifications.

c. Account for the effect of
operating conditions on damage
tolerance properties.

d. Designand assess with strengtl
and damage tolerance properties th;
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NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

are generated by tests on samples
representative of the flight hardware
material, subject to either item (1) or
(2) below:

(1) Material is processed to the
same thickness, material process
condtion, and material orientation in
the part) that result in the worst
combination for damage tolerant
assessment.

(2) The material process
condition and the material orientatio
are fully traceable throughout
fabrication and service life.

e. Derived stregth and damage
tolerance data obtained from NASA
approved sources. If data are lackin
data are conservatively bounded or
determined by sufficient testing to
assess scatter to provide averages
testing approved by the RFCB.

f. Obtain an approved MUZAof
any materials not developed and
gualified in accordance with the
requirements of NASATD-6016.

g. Include all MUASs in the FCSR.
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Table 70 Documentationand Verification

NASA-STD-5019A

Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale

Documentation, 9.1.2 | [FCR 23] Fracture critical parts sha
be identified on engineering
drawings in the notes of the
individual part drawing, along with
the inspections, serialization, and
other pertinent information nessary
to maintain traceability of the part
and its history of manufacturing ancg
use.

9.1.3 | [FCR 24] An FCSR shall be
developed by the spaceflight
hardware program or project that:

a. Documents the basis for
acceptance that all the flight
hardwareparts have met the fracturg
control requirements in the approve
FCP.

b. Contains detailed information o
reference to detailed information fo
all parts, including results for
evaluations, classification,
assessments, inspections and othe
pertinent recads, and their
disposition for fracture.

c. Documents all assessments, st
as analyses and tests, conducted o
representative flight hardware used
for flight certification.

d. Identifies the flaws and impact
damage threats that are accepted ¢
risk by theprogram authority, i.e.,
the flaws and impact damage threa
for which there is no damage
tolerance evaluation.

e. Is approved by the RFCB.

Verification 9.2 [FCR 25] Verification of adherence
of the flight hardware to the fracturg
control requirementi this NASA
Technical Standard shall include al
of the following:
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NASA-STD-5019A

Description

Section

Requirementin this Standard

Applicable
(Yes or No)

If No, Enter
Rationale

a. Written documentation that
establishes that each requirement |
been met. This documentation
describes how the requirement wag
verified, e.g., test, analysis,
inspection. The projecsiresponsible
for providing this verification,
including assurance that fracture
control activities were implemented
on the flight hardware before flight
and reflight, to the appropriate
program management.

b. Approval of the FCP and FCSR
by the RFCB, daegmented by a
concurrence memorandum from thg¢
RFCB to the applicable
project/program office.

c. In the event of conflict between
the RFCB and the applicable projec
office concerning verification of
compliance with fracture control
requirements, follow thprocedures
in place at each NASA Center to
resolve technical conflict, with the
option to appeal to the NASA Chief

Engineer for final resolution.
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Table 80 Alternative Approach Requirement

NASA-STD-5019A

_— , , N Applicable If No, Enter

Description | Section Requirementin this Standard (Yes or No) Rationale
Alternative 10 [FCR 26] If alternative approaches
Approaches are proposed (rather than meeting

any part of the accepted approachg
that are prescribed in sections 5, 6,
or 8 in this NASATechnical
Standard, with the exclusions show
below), the alternative approach sh
include all of the following items:

a. Provide an equivalent assurang
of mitigating the risk of catastrophig
failure from flaws during the service
life of the hardware.

b. Have the approval of the RFCB

c. Meet all the other applicable
requirements in this NASA Technic
Standard.

d. FCRs 10, 15, 20, 21, and 22
(sections 7.1, 8, 8.15, 8.2, and 8.3,
respectively, in thiNASA Technical
Standard) are excluded from
alternatve approach consideration.

Note that FCR26 pertains to section
5, 6, 7, and 8 only; therefore, FCRS
1,2, 3,45, 23,24,and25are also

excluded from alternative approach

consideration.
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APPENDIX B

REFERENCE DOCUMENTS

B.1 Purpose and/orScope
The purpose of this appendix is to identify relevguitiancedocuments for application of this
NASA Technical Standard. This is not intended to be an exhaustive listing of all the documents

the hardware developer may find useful in implementingXASA Technical Standard@he
latest issuances ofted documentapplyunless specific versions are designated

B.2 Government Documents

Department of Defense

MIL -HDBK-6870 Nondestructive Inspection Program Requirements for Airc
and Missile Mateaals and Parts
DOT
DOT Title 49 Code of Federal Regulations Title 49ansportation
MMPDS Metallic Material Properties Development and
Standardization
NASAS
NASA-HDBK-5010 Fracture Control Implementation Handbook for Payloads,
Experiments, and Similar Hardware
MSFCGRQMT-3479 Fracture Control Requirements for Composite and Bonde
Vehicle and Payload Structures
NPR 7120.5 NASA Space Flight Program and Project Management
Handbook
PRG6509 Process Specification for Eddy Currémépection

8 NASA-HDBK-5010A is under developméand may not be released at the tohpublication ofthis NASA
TechnicalStandardBeforethe release of NASAIDBK-5010A, thecurrent handbook caprovide interim guidance
for applying thisNASA TechnicalStandard
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B.3 Non-Government Documents

AIA/ NAS

NAO0026 Procurement Specification Metric Fastener286 CRES
Externally Threaded, 1100 MPa Tensile, 660 MPa Shear

NA0271 Metric FastenetSCRES300 SeriesExternally Threaded, MJ
Thread, 500 MPatand 700 MPa &

NAS4003 Fastener, A286 Corrosion Resistant Alloy, Externally Thread
160 KSI ky, 95 KSI Ry, 1000 °F

NASM85604 Bolt, Nickel Alloy 718, Tension, High Strength, 125 KS| F

and 220 KSI kg, High Temperature, Spline Drive
American Petroleum Institute (API)/ American Society of Mechanical Engineers (ASME)

API 5791/ASME FFS1 FitnessFor-Service

ASME
ASME BPVC-VIII -1 Boiler Pressure Vessel Code, Section MRules for
Construction bPressure Vessels Division 1
ASME BPVC-VIII -2 Boiler Pressure Vessel Code, Section MRules for

Construction 6Pressure VesselBivision 2Alternative Rules

ASTM International (formerly American Society for Testing and Materials)

ASTM E399 Standard Test Method for Line&itastic PlaneStrain Fracture
Toughness K of Metallic Materials

ASTM E561 Standard Test Method for-R Curve Determination

ASTM E1681 Standard Test Method for Determining Threshold Stress

Intensity Factor foEnvironmertAssisted Cracking of
Metallic Materials

ASTM E740/E740M Standard Practice for Fracture Testing with Sur@cack
Tension Specimens

ASTM E1820 Standard Test Method for Measurement of Fracture
Toughness
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ASTM E1823 Standardrerminology Relating to Fatigue and Fracture
Testing
ASTM E2899 Standard Test Method for Measurement of Initiation

Toughness in Surface Cracks Under Tension and Bending
SAE

AS7468 Bolts, CobakChromiumNickel Alloy, UNS R30035, Tensile
Strength 260 Ksi, Procurement Specification

B.4 Other Documents

Boyer, R.R.; Spurr, W.H J a n u a r €harh@eris8ck of Sustaineésad Cracking and
Hydrogen Effects in FT6AI-4V, Metallurgical Transactions A/ol. 9A, pp. 2329.

Lewis, J.C.; Kenny, J.T. (July 197@ustained Load Crack Growth Design Data foi6Ail-4V
Titanium Alloy Tanks Containing Hydrazirfeaper presented at AIAA/SAE 12th Propulsion
Conference. Palo Alto, CA.
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